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Unit I: Coulomb’s Law 


Structure: 
1.1. Introduction. 
1.2. Objectives. 
1.3. Coulomb’s law 
1.4. Gauss law 
1.4.1. Differential form of Gauss Law 
T Its proof and applications 
1.5.1. | Electric field due to a uniformly charged sphere 
1.5.2. Electric field due to a plain sheet of charged conductor 
1.5.3. Electric Field due to an infinite plane sheet of charge 
1.6. Coulomb’s theorem 
I.7. Mechanical force on the surface of the charged conductor 
1.8. Electric field, Electric potential - Relation between them 
1.5.1. Electric Field 
1.5.2. Electric Field due to a Point Charge 
1.8.3.  Hlectric Potential 
1.8.4. Potential at a point due to a Point Charge 
1.8.5. Potential due to a Group of Point Charges 
1.8.6. Relation between Electric Field and Electric Potential 
1.9. Electric field due to electric dipole, on the axial line and equatorial line 
and equatorial line 
1.9.1. Electric field due to an electric dipole at a point on its axial line 
1.9.2. Electric Field due to an electric dipole at a point on the equatorial 
line 
1.10. Potential due to charged conductor 
I.11. Capacitance — Principal Expressions for the capacitance 
1.11.1. Capacitance of a conductor 
1.11.2. Principle of a capacitor 
1.11.3. Capacitance of a Spherical Capacitor (outer sphere earthed) 
1.11.4. Capacitance of a Cylindrical Capacitor 
1.11.5. Capacitance of Parallel Plate Capacitor 
1.12. Energy of capacitor — Loss of energy due to sharing of charges 
1.13. Loss of energy on sharing of charges between two capacitors 
1.14. "Types of capacitors, fixed capacitor, and variable capacitor. 
1.15. Summary. 
1.16. Unit — end exercises. 


1.17. Answers to check your progress and problems for discussion. 
1.18. Suggested readings. 


1.1 Introduction: 


Electrostatics is the branch of Physics that deals with the phenomena and 
properties of stationary (without acceleration) electric charges. Electrostatics 
is the study of the electrical fields surrounding electrical charges and the 
resulting forces between charged surfaces. The resulting interactions are 
entirely dependent on the charges and their relative positions and not by their 
motion. Coulomb's law is a law of physics describing the electrostatic 
interaction between electrically charged particles. It was essential for the 
development of the theory of electromagnetism. 


The detailed study of Gauss's law deals with electric field due to continuous 
charge distributions. An electrostatic field is an electric field produced by 
Static electric charges. Electrostatic field plays an important role in modern 
design of electromagnetic devices whenever a strong electric field appears. 
For example, an electric field is of paramount importance for the design of X- 
ray devices, lightning protection equipment and high-voltage components of 
electric power transmission systems. This is important for high-power 
applications. In the area of solid-state electronics. This situation seems to be 
similar in cathode ray tubes, liquid crystal display, touch pads etc. In order to 
reach a high level of knowledge, understanding the fundamental theory behind 
electrostatic field that will be presented in this chapter. 


1.2 Objectives : 
After going through this unit, you will be able to: 


e distinguish between two types of charges. 

e infer that any electric charge is always an integral multiple of the 
charge of the electron. 

e use coulomb’s law to find the electrostatic force between the charges 

e write the relation between the electric flux and the charge enclosed 
within the surface. 

e use the Gauss law to compute the electric fields in case of spherical 
and planar symmetry. 

e compute the electric potential at a point due to a single charge. 

e compute the electric field due to a dipole at a point as the axial line & 
equatorial line. 

e relate the electric potential & electric filed and therefore compute the 
electric field at a point knowing the electric potential. 

e define the capacitance of a capacitor. 

e calculate the energy' stored in a capacitor. 
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1.3 Coulomb’s Law : 


The study of charges is called electricity. The study of charges at rest 1s 
called electrostatics. The study of charges in motion is called current electricity. 


Charges are of the two types: 
(1) Positive charges (2) Negative charges 


Similar charges repel and opposite charges attract. 

So far as their electrostatic behaviour is concerned, materials are divided 
into two categories: Conductors of electricity and insulators (dielectrics). Bodies 
which allow the charge or electricity to pass through them are called conductors, 
e.g., metals, human body, earth, graphite, charcoal etc. Bodies which do not allow 
the charge or electricity to pass through them are called insulators, e.g., glass, 
mica, ebonite, plastic etc. 

Statement: The force between two point charges 1s directly proportional to the 
product of the charges, and inversely proportional to the square of the distance 
between them. 


Explanation: 


Let qı and qz be two point charges situated at A and B separated by a distance r 
(Fig 1.1). f is the unit vector in the direction from A to B. Then, the force (F 42) 
exerted by charge qı on charge qp» is 








Fig 1.1 
1 Qig2 4 
Fi —= "omg REE (1) 


Here, the charges are situated in vacuum. 
£g 1s called the permittivity of free space (1.e., vacuum). 
£9 = 8.85418 X 10-1?(C?N -3m-? (or F m ^?). 
And l/(4z£9) = 9 X10?Nm^C * 
suppose the charges are situated in medium of permittivity £. Then, the force 
between the charges is 





1 x 
F,.(m) = P ma (2) 
Dividing Eq.(1) by Eq.(2), we get 
E13 oue d nc 
712(m) Ex Eo £p wet) 
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£. is called the relative permittivity of the medium. It is defined as the ratio of the 


permittivity of the medium to that of free space. 
(An older name for £, is the dielectric constant of the material). 


The value of e£, for air is 1. 
In Eq. (1), if qi =q2 = 1 andr = 1, we have 
1 1 
F-( ) 2 = (9 + 10°) 
ATE,/ r^? 
The SI unit of charge 1s the coulomb. 


1 
— 9 X 10?N. 
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A coulomb is defined as the quantity of charge which, when placed at a distance 
of 1 metre in air or vacuum from an equal and similar charge experiences a 
repulsive force of 9 X 10?N. 


Check your progress: 


1. What will happen to the electro static force if the distance between the 


charges is doubled? 
AnS:-------------------------------------++------------+--------------------------------- 


-— ee ee ee ee es ee eee ee ee eee ee eee ee ee eee ee ee eee ee eee ee ee NEMO ee ee ee es ee  gupyn ee es ee eee ee eee ee ee eee eee ee cam ee eee eee ee eee ee eee cue ee ee ee eee ‘i 
nm em AX "M eee ee ee ee ee eee ees ee ee ee eee ee ee eee eee ee eee ee eee ee ee ee ee ee ee ee ee ee ee cups ee ee ee ee eee eum ee ee ee eee eee ee ee ee ee ee, eee ees ee ee eee eee ee eee Une GERD GUAPO AM eee m m 


aA EA UNE ee ee m ee eee eee eee ee eee ee ee ee eee Gud eee eee nue eee eee NND ee ee ae eee ee eee ee eee ee eee ee ee es ee eee ee ee ee ee eee ee ee ee eee ee eee eee eee eee ee eee eee oe 


1.4 Gauss’s Law 


statement: The total electric flux (9) of the electric field E over any closed 
surface is equal to (1/29) 1 times the total net charge (q) enclosed by the surface. 
p = $E.ds = + (1) 


£p 

Here, £g is the permittivity of the free space. 
Explanation: This law relates the flux through any closed surface and the net 
charge enclosed within the surface. Here q is the net charge inside the closed 
surface. This closed hypothetical surface is called Gaussian surface. Gauss' law 
tells us that the flux of E through a closed surface S depends only on the value of 
the net charge inside the surface and not on the location of the charges. Charges 
outside the surface will not contribute to p .Eqn.(1) holds only when the charges 
are lying in vacuum or air. | 

Gauss Law is the converse of Coulomb's law. With the help of Coulomb's 
law, we can calculate E for a given charge. Gauss's law enables us to determine 
the charge provided if E is known. 


Proof 
(i) For a charge inside the closed surface. 


Consider a single point charge +q located at a point O inside a closed 
surface S (Fig .1.2). Let dS be a small area element at a distance r 


from q. 





Fig.1.2 


1 q 





47t £g r2 d 
The flux through the area dS is given by 
dp = E.dS 
=E dS cos 0 
= ( : +) dScosO 


41r£9 r^ 


_ q (= cos =) 
^ 47t£Q r2 








But DUM ? = dQ = Solid angle subtended by the area dS at O. 
q 
do = d 
T 47: £g 


The total flux through the entire closed surface S 1s given by 


q q 
dm $ dp B zu f a0 i "vom ln 

Here, $ dQ = total solid angle subtended by S at O — 47r 

q 

Eo 
Gauss’s law holds even if there are a number of charges q1, qp........ dn enclosed by 
a surface S (Fig.1.3). We know from the principle of superposition that the 
electric field due to a number of charges is the vector sum of their individual 


fields. 











Fig 1.3 


n 
1 
a Eo 


Here, Q is the total charge inside the surface. 


(ii) For a charge outside the closed surface. 


Consider a point charge +q situated at O outside the 
closed surface (Fig 1.4). Let an elementary cone form O with small solid 
angle dO cut the closed surface at two elements of area dS; and dS5;. 
Magnitude of flux through dS, and dS; equal. Flux through dS, is an inward 
flux. Flux through dS; 1s an outward flux. 











Therefore, total flux through dS; and dS; =—+ dn + —— dQ = 0 


^ 4Tt£Q 47t £o 
The entire closed surface can be considered to be made of pairs of elements like 
dS; and dS2. Thus the total flux, due to a charge outside is zero. 


1.4. Differential form of Gauss Law 


Suppose the charge is distributed over a volume. Let p be 
the charge density. Then the total charge within the closed surface enclosing the 
volume is given by 


Q-—fpdV i... (1) 


We can write integral form of Gauss law as 
$E.dS ——f p dV .....(2) 
Eo 


By Gauss divergence theorem, 
$ E.dS = | (V.E) dV .... (3) 


Comparing Eq.(2) and Eq.(3) 


f(V.E) dV =—fp av ... (4) 
Eo 
Since this is true for any volume v, integrands must be equal 
V.E =o 
Eo 


1.5 Applications of Gauss’s Law 
1.5.1 Electric field due to a Uniformly Charged Sphere: 


A spherically symmetric charge distribution means the 
distribution of charge where the charge density p at any point depends only on the 
distance of the point from the centre eae on direction. Consider a total charge 
distributed uniformly throughout a sphére of radius r. Note that the sphere cannot 
be a conductor. 

Case (i). When a point P lies outside the sphere 


P is a point at a distance r from the centre O (Fig 1.5). We have to find 
the electric field E at P. Draw a concentric sphere (shown dotted) of radius OP 
with centre O. This is the Gaussian surface. At all points of this sphere, the 
magnitude of the electric field is the same and its direction is perpendicular to the 
surface. Angle between E and dS is zero 


Gaussian 





Figl.5 
The flux through this surface is given by 


f E.as => £.ds = E(4nr?) 
By Gauss’s law 





q 
E(4n1r^) = — 
Eo 

1 

or E = —— A 
47t£9T 
in vector form 
1 q . 
/— 4m£9r? 


Hence the electric field at an external point due to a uniformly charged sphere is 
the same as if the totai charge is concentrated s its centre 


Case (ii) when the point lies on the surface. 
Here , r= R. 
TEE. 
— Ame R? 
Case (iii) when the point lies inside the sphere 
P’ is a point inside the sphere (Fig.1.6). P' is at a distance r from the 
centre O. Draw a concentric sphere of radius r (rxR) with centre at O. This is the 
Gaussian surface. 


Gaussian 





Surface 
Fig 1.6 
Total charge enclosed by the Gaussian surface. 
, 4 3 
= > mr 
q 3 nr p 
4 4 q Tr? 
anr g = = 4 Se 
3 S mR? R 


Help p = charge density = charge per unit 


q 
Volume = = 
gne 


The outward flux through the surface of the sphere of radius r is 
$ E.dS = E(47r^?) 
Applying Gauss' law 


E (4rr?) = — = — — 


T Ane, R? 





Thus E œ r. At the centre of the sphere, E=0 





Figl.? 


Fig 1.7 shows the variation of electric field E as a function of radial distance r. 


1.5.3 Electric field due to an isolated uniformly Charged Conducting 
Sphere 


In an isolated charged spherical conductor any excess 
charge on it is distributed uniformly over its outer surface and there is no charge 
inside it. Hence this problem is the same as that of a charged spherical shell. 

Case (i). At an external point 
Consider a point P near but outside a uniformly charged sphere 


of radius R with a charge q (Fig 1.8). Let o be the surface density of charge. 


Then o — — P is at distance r from the centre O.Draw a concentric sphere of 


radius OP with centre O. This is the Gaussian surface. Let E = electric field at 
any point on this sphere. At every point E is normal to the surface. 








The flux through this surface is given by 
f Eds = f E.dS =E(4nr*) 


By Gauss’s law 





q 
E(4nr^) = — 
Eo 
1 
OIL. E — _ 
4ATLEG r? 
1 A 
js "NONE 
4TUEQ r 


The electric field is, therefore, the same as that due to the charge q situated at the 
centre of sphere. Therefore, for the points outside the sphere, the charges on the 
conducting sphere behave as if they were concentrated at the centre of the sphere. 


Case (ii) at a point on the surface 





Case (iii) At a point inside 
Let P’ be an internal point. Through P'draw a concentric sphere. The 


charge inside this sphere is zero. Hence at all points inside the charged 
conducting sphere, electric field E=0.Fig 1.9 shows the variation of E with r. 


o^ 4o ug 





1.5.3 Electric Field due to an infinite plane sheet of charge 


Consider a thin, non conducting infinite plane sheet of 
charge (Fig 1.10). Let this surface charge density (charge per unit surface area) be 
o. Let P be a point at a distance r from the sheet. We want to calculate E at P. 
A convenient Gaussian surface is a “pill box" of a cross-sectional area A and 
height 2r, arranged to pierce the plane as shown. P' is symmetrical with P, on the 
other side of the sheet. From symmetry, E points at right angles to the end caps 
and away from the plane. Also its magnitude will be same at P and P^ 


| + 
t $ fed 
= = — 

— = | | E 
" u^ dab E dS 
+ + t 
+ + = 
Fig 1.10 


The flux through the two plane ends is 
p = $ E.as + b E.dS = $ E dS + $ E dS = EA + EA = 2A. 


The flux through the curved surface of the Gaussian cylinder is zero because E 
and dS are at right angles everywhere on the curve surface. 
Total flux through the Gaussian cylinder = g = 2 EA. 


Net charge enclosed by the Gaussian Cylinder = q = oA 


By Gauss’s law 2EA= 24 


Eo 
| o 
|». 28g 
E 1s independent of the distance of the point from the sheet. E is the same for all 


point on each side of the plane. 
1.6 Coulomb’s Theorem 


Statement: The electric field at any point near a charged conductor is ( 1/£9) 
times the surface density of charge on the surface. 


E = — 
Eo 
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Fig 1.11 


Proof: Consider a surface S of a charged conductor (Fig 1.11). Leto be the 
surface density of charge. Consider two points P and Q one outside and the other 
inside the surface. Construct a Gaussian surface in the form of a cylinder, of area 
of cross-section A. 


(i) Eis zero everywhere inside the conductor. Hence the flux over the surface 
at O=0 

Gi) E is always normal to the charged conductor, and hence parallel to be 
curved surface. Therefore, the curved surface also does not contribute 
to the flux. 

(iii)The only contribution to the flux is through the plane surface of area A at 
P which is outside the conductor. 
Flux over the plane surface at P is 


p = $ E.dS +$ E dS = EA. 


Net charge enclosed by the Gaussian surface = oA 
From Gauss’ law = EA = 0A/€p 


Check your progress: 
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1.7 Mechanical Force on the surface of the charged conductor 
Let o is the surface density of charge on a conductor placed in 


vacuum. Consider small area dS on the surface (Fig 1.12). P is a point just 
outside the charged surface. The electric field E at P is the sum of two fields. 
(1) E, is due to charges on the area dS and 


(i1) E^, is due to charges on the rest of the surface 
E, and E; are in the same direction. 


Total field at P is 


E=E, + E = -- (by Coulomb's theorem) ...... (1) 
0 





Fig 1.12 


Consider a point Q just inside the conductor. 


E; and E» are in opposite directions at this point 
The field at Q is E1- E; =O 


Or pc BL 8 Aaeessissdisil (2) 
or E, E5 == = TF 

Cc 
E> ^ 2&9 (3) 


Charge on the surface dS =a dS 

Therefore, the total mechanical force experienced by this charge due to the 
charge on the rest of the surface is 

F=charge on dS x electric field E2 





o o 
= odS x E; = odS x Ze, [from (3) Ez = 5l 
|. ods 
or F = "P 


Mechanical force experienced by unit area of the charged surface is called 


electrostatic pressure P. 
14 


...(4) 


But, E=—oro = € E 
o 


p = 20% (5) 


2 
Its unit is N^. It is directed along the outward drawn normal to the surface. The 


surface is, therefore, under stress or outward electrical pressure. 


1.8 Electric field and Electric potential 
1.8.1 Electric field 


If we place a test body carrying a positive electric charge q near a 
charged rod, an electrostatic force will act on it. We speak of an electric field in 
this region. We represent it by a vector E defined by 


F 
= — — 
E-Z (1) 


Definition: Electric field at a point is defined as the force that acts on a unit 
positive charge placed at that point. 

The direction of the vector E 1s that of the vector F. 

The SI unit for the electric field is the Newton/coulomb (NC) Or 
volt/metre (Vm )). 
several other terms are commonly used, for example electric field strength, 
electric field intensity or intensity of the electric field. Eq.(1) may be written as 

F = gE sa) 

i.e., the force F exerted on a charge q at a point where the electric field is E equals 
the product of the electric field and the charge. 


1.8.2 Electric Field due to a Point Charge 


Let p be a point lying in vacuum at a distance r from a point charge q lying 
at O (Fig.1.13). Let a test charge qo be placed at P. 


+o [2 +1 E 
oA ar ne aE aE 
O Tr P 

Fig 1.13 (a) 
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0 
Fig 1.13 (b) 
According to Coulomb’s law, the force F acting on qo due to q is 
__1 4990 , 
ATE, r? 


The electric field at the point P is, by definition, given by the force per unit test 
charge. 


r= F 1i q 
|» do 4AMEQT? d 
The direction of E is along the line joining O and P, pointing outward if q is 


positive [Fig 1.13(a)] and inward if q is negative [Fig 1.13.(b).] 
1.8.3 Electric Potential 


Consider an isolated point charge +q lying at O (Fig 1.14). A and B are two 
points in its electric field. Let Was be the work done by an external agent in 
moving a unit positive charge from A to B. 

The potential difference between two points in an electric field 1s defined as the 
amount of work done in moving a unit positive charge from one point to the other 
against electrical forces. 

Was = VB- Va 
Here, V 4 and Vg stand for the potentials at A and B. 
The SI unit of potential difference is Volt. (Fig 1.14). 





Fig 1.14 


The potential difference between two points is J} volt if 1 joule of work is done in 
moving 1 coulomb of charge from one point to the other against electrical forces. 
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Electric Potential: If A is at infinity, then V4 = 0 

W = Vg 
Here, W is the work done in moving a unit positive charge from infinity to the 
point B. Vg is the potential at B. 
Definition: The electrical potential at a point is defined as the amount of work 
done in moving a unit positive charge from infinity to that point, without 
acceleration, against electrical forces. 
The potential at a point near an isolated positive charge is positive. 
The potential at a point near an isolated negative charge is negative. 


1.8.4 Potential at a point due to a Point Charge: 


Let + q be an isolated point-charge situated in air. 


P is a point distant r from q (Fig 1.15) 
1 q 


The magnetic of the electric field at a distance r from the charge +q = E = 777-7 
0 








Fig 1.15 

The potential at P is given by 

V — — f. E.dl (1) 
The displacement di of the unit charge is directed towards the left. E is directed 
towards the right. Thus the angle between E and d/ is 180" 

E.d/ = E di cos 180° = -E dł 

Here, r is measured from the charge +q as origin. As we move a distance d] to the 
left, the value of r decreases. Thus d/ — -dr 
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Equn. (1) becomes 


T T T 
q dr 
v= — | E.di= - f Edr = - [£z 
47t £g r 
1 q 


= = — (2) 


4ATIE9 r 








V 


1.8.5 Potential due to a Group of Point Charges 


Potential is a scalar quantity. In order to find the potential at any point due 
to a group of point charges, we calculate the potential due to each individual 
charge, considering the other charges to be absent, and then add up these 
potentials algebraically. 

Thus, if there are n point charges, the potential at a point due to them is 


1 
V = E > dn 
TL 


Here, qn is the value of the n" charge and r, is the distance of this charge from the 
point. 





1.8.6 Relation between Electric Field and Electric Potential 


We can calculate the electric field E if potential function V is known 
throughout a certain region of space. Consider two neighbouring points A (x,y,z) 
and B (x +dx, y+dy, z +dz) distance dl apart in the region (Fig 1.16). 





V+dv V 


Fig1.16 


Let the value of potential at A and B be V and V + dV respectively. Let dV be the 
change in potential in going from A to B. Then 


sre cte et d LL 
- Ox ^ "ay ^ " az ^ 
aV av OV 
=i. tj —— } (i j kd 
(iz tig, * Ea) bax  j dy * z) 


Here, idx + j dy + kdz is the displacement vector d/ between A and B. 
Thus 
dV = (grad V). dl ...(1) 
The work done by the external agent in moving a test charge q from A to B along 
dl is 
dW = F.dl = —qE.dl 
Or 


aw 
—— — —E.dl 
q 


buy, by definition , — is the potential difference dV between the points A and B. 


thus 
dV =—E.dl 
Comparing Eqs.(1) and (2), 
E = —grad V = —VV sx) 
Thus the electric field at any point is the negative of the gradient of potential at the 
point. The minus sign indicates that E points in the direction of decreasing V. 
Let E,, E, and E; be the components of E along x,y and z axes. Then 
OV OV | OV 
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1.9 Electric field due to an electric dipole at a point on its axial line and 
equatorial line 
1.9.1 Electric field due to an electric dipole at a point on its axial line 


AB is an electric dipole of two point charges —q and --q separated 
by a small distance 2d (Fig 1.17) P is a point along the axial line of the dipole at a 
distance r from the midpoint O of the electric dipole. 


A OB E, E, 
Mies ae de mes nO aman cm iamen namo Omen — ki aom cuu ama ee Áo mue que dMÉÓ ENS  UEMAN - 
“qq xX axis 
é 2d-> 
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The electric field at the point P due to +q placed at B is. 


1 
= Ane, (r — d)? Sa (along BP) 
The electric field at the point P due to -q placed at A is. 

1 
= pIEIJ (along PA) 

E, and E, act in opposite directins. 

Therefore, the magnitude of resultant electric field (E) acts in the direction of the 
vector with a greater magnitude. The resultant electric field at P is 


Ei 


E? 


E = E, + (—Ej) 








= 1 ee CENE S 

Bc | ATE (r—d)? 47t£Qg — xl along BP. 
d s l a ee 
ARE | (r-d)? xay] — mÀ 


E = <| | along BP. 


47TEo L (r?—d?)? 
If the point P is far away from the dipole, then d<<r 
q 4rd q 4d 
AME, r^ Ane r? 





aa along BP. 


E= 
41t£o p3 
[Electric dipole moment p=q*2d] 
E acts in the direction of dipole moment. 





- 9.2 Electric Field due to an electric dipole at a point on the equatorial line 
Consider an electric dipole AB. Let 2d be the dipole distance 
and p be the dipole moment. P is a point on the equatorial line at a 
distance r from the midpoint O of the dipole (Fig.1.18.a) 





E, 
E sino 
E,cos 86 
E 
R E cosg 
B - 
F +9 E, Esing 
€---d---><€<---d--->3> 
(uj Electric field at a point on (b) The components of the 
equatorial line electric field 


Fig 1.18 
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Electric field at a point P due to the — +q of the dipole is 
1 


"Ue TNT 


01 qd | a 2 2 
Se ean tae along BP. (BP* = OP* + OB^) 


Electric field (E2) at a point P due to the edel —q of the dipole is 
1 
Ea = TT 
EL 4 
47t£g (r + d)^ 
The magnitude of E, and E; are equal. Resolving E, and E»; into their horizontal 
and vertical components (Fig 1.18.b), the vertical components E, sin@ and E> sinO 
are equal and opposite, therefore they cancel each other. 
The horizontal components E, cos@ and E; cos @ will get added along PR. 
E = E, cos 0 + E? cos @(along PR) 
—2E;cos0 (E,-—E3) 
1 q 


(along BP) 





(along PA) 


(along PA) 


= ——— -yr Xcos80 
ATED (r^ + d^) 
d 
put cos 0 = Ts 
3 d q 2d B 
ATEO (r2+da2) " (r24+d2)3/2 (p =q 2d) 


For a dipole, d is very small when compared to r 
i p 
47r£g r3 
Ihe direction of E is along PR, parallel to the axis of the dipole and directed 
opposite to the direction of dipole moment. 


1.10 Potential due to a charged conductor 


Consider a hollow spherical conductor of radius R carrying a positive charge 
of o coulombs/square metre. Let P be a point outside the spherical conductor at a 
distance r from the centre O of the sphere (Fig 1.19) 





Q coulombs is the positive charge distributed uniformly on the outer surface of the 


hollow sphere. 
Surface density if charge = o = q/Arz R^). 


(i) Potential at an external point. P is a point at a distance r from the centre 
of the sphere. Draw two parallel planes AB and CED so-as to form an 


annular ring. 


CP =x,< COP = 0,« COA = dO,CE =Rsin@,AC = Rd@ 
Area of the ring = (2 zzR sin 0) (Rd@) = 2z R^ sin 0d0. 
Charge on the ring ABCD = o = (2r R^ sin @d@) = =q sin 0dð. 
Each point on this narrow ring is at the same distance x from P. 


Potential at P due to the charge on the ring 
1 - 
dv — aoe NN 
From A COP ,x* = R? +r? — 2RrcosO ............. (2) 
Here, both x and @ are variables, differentiating. 
Ax dx = 2Rr sin 0dO 








or sin 0d8g = 7 
Rr 
Substituting in Eq.(1) we get 
| 1 qdx 
N 4;z£g9 2 Rr 


The whole sphere is divided into such narrow rings. 


Potential at P due to the whole sphere is given by 
T+R r+R 


1 qdx 1 q 
4TEo 2 Rr 4NEo 2 Rr 
r—R r—R 


V — —+ ..(4) 


47t£o T 
Hence the potential at any point outside a charged sphere is the same as if the 
whoie charge on the sphere is concentrated at its centre. 
Electric Field: We know that E = - dV/dr 


Electric Field outside the charged sphere Eg — — (—-+ 
0 
1 q 


4T £9 r? 





Its direction is along OP. 


(ii) If P lies on the surface of the sphere, r = R 
V —-——2. 25) 


47Tt£o9 R 
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(iii) Potential at an internal point 
If P lies inside, then the limits of integration are R — r and R +r 





1 r+R 
47r £o ARr 
rT—R 
y = —— ...(6) 





^ ANE R 


Thus the potential at all points inside a uniformly charged conducting sphere is the 


same. 
d 


Electric field inside the charged sphere = £1 = — -- =) = 0 


The variation of potential inside and outside the sphere is shown in Fig.1.20 








Fig1..20 


3. The electric field near the earth’s surface is 300 volt/metre directed 
downwards. What is the surface density of charge on the earth’s surface? 
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1.11 Capacitance — Principle and Expressions for capacitance 


1.11.1 Capacitance of a conductor 
If a charge q is given to an isolated conductor, its 


voltage is increased by an amount V. For a given conductor, the ratio Q/V 
is independent of Q and depends only on the size and shape of the 
conductor. The ratio Q/V 1s called the capacitance of the conductor and is 


denoted by C. 


Definition: The capacitance of a conductor is defined as the ratio of the charge 
given to the increase in the potential of the conductor. 


The capacitance of a conductor is also defined as the amount of charge that should 


be given to it to increase its potential by unity. The unit of capacitance is farad. A 
conductor has a capacitance of one farad, if a charge of 1 coulomb given to it 


raises its potential by 1 volt. lu F = 1076F; 1pF = 107}? F. 
1.11.2 Principle of a capacitor 


Suppose an insulated metallic plate A is given a positive charge Q and its 
potential is V (Fig 1.21). Its capacitance C = Q/V. 


^ 8 


AL 





Tttti 
BENE 
++ +4 4 





Fig 1.21 & 1.22 

Let another insulated metal plate B be brought near A. Negative 
charge is induced on that side of B which is nearer to A. An equal positive charge 
is induced on the other side B. The negative charge on B decreases the potential 
charge on B decreases the potential of A. The positive charge on B increases the 
potential of A. But the negative charge on B is nearer to A than the positive 
charge on B. So the net effect is that the potential of A decreases. Thus the 
capacitance of A is increased. 

The positive charge on B is neutralized by connecting the back 
side of B to earth (Fig 1.22). Then the potential of A decreases still further. Thus 
the capacitance of A is considerably increased. 
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A capacitor in general consists of two conductors, one positively charged 
and the other earthed. The conductors are called plates. The capacitance depends 
on the geometry of the conductors and the permittivity of the medium separating 
them. A capacitor is a device for storing charge. 


Effect of a Dielectric: In actual capacitors, the region between its two conductors 
is filled with an insulator (or dielectric) say mica or oil. Faraday found that the 
capacitance of a capacitor increases if a dielectric is placed between the plates. 

If C is the capacitance of a capacitor with vacuum and C' is its capacitance 


with dielectric, then the ratio — = €, is called the relative permittivity of the 


medium 
C EEG 


1.11.3 Capacitance of a Spherical Capacitor (outer sphere earthed): 


Let A and B be two concentric metal spheres of radii a and 
b respectively with air as the intervening medium (Fig 1.23). The outer sphere B is 
earthed. A charge +q is given to the inner sphere. The induced charge on the 
inner surface of the outer sphere is —q. P is a point at a distance r from the 
common centre O. 





Fig1.23 





"eS E E fq YA 
Electric filed at P = Ee (5 T .---(1) 


Where f? is the unit vector along OP. 
The potential difference between the sphere A and B 1s given by 
a 
V = — J; Bal 40) 


Here, d/ is the differential vector displacement along a path from B to A. 
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But E.d/ = E dł cos 180° = - E dZ 
Further, in moving a distance dl in the direction of motion, we are moving in the 


direction of r decreasing. So that d/=-dr. Hence, 
E. d? = E dr 
Eq.(2) becomes V = — f; Edr 
Putting the value of E from Eq.(1), we get 
q C dr q Ly 7 
47r £g J r? zb 7), 


T 
__4 (~ Je La 


V= — 








bel 





ANEg la b ATEg ab 
Capacitance of the spherical capacitor 
C= i= —1 = Age, ——— (3) 
"C BEN mon 


Note: Eq.(3) can be written in the form 
ab 47t £g 


— 4 —— AMA ——————— 
(7 OU 0a) (1- 1j 
a b 
When b — oo, C = 47z29a 
Ihis 1s the capacitance of an isolated conducting sphere of radius a. 


Capacitance of Spherical Capacitor (Inner Sphere Earthed) 


A and B are two sphere of radii a and b (Fig 1.24). Suppose a charge +q is 
given to the outer sphere B. +q is distributed on its inner and outer surfaces by 
amounts +q; and +q2 respectively, so that q=q; +q2. The charge +q,; on the inner 
surface of B induces a charge —q; (bound charge) on the outer surface of A and 
charge +q; on the inner surface of A. the charge +q; on the inner surface of A, 
being free, leaks to the earth. 





Figl.24 
Ihe two spheres now behave as two capacitors connected in parallel. 
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(i) The inner sphere of radius a and the inner surface of outer sphere form a 


capacitor of capacitance 
4TTEQ AD 
C4 a 2 





(if the dielectric is air) 





(b-a) 
Gi) The outer surface of B and the earth form a capacitor of capacitance. 
C. = ATLEgD 
Total capacitance C = C4 + C, = ym t 4n£9b 
AME ,b* 
C = — 
(b — a) 


1.11.4 Capacitance of a Cylindrical Capacitor 


Consider a cylindrical capacitor formed by two coaxial cylinder A and B of radii 
a and b respectively and each of length /. Air is the medium between A and B. 
The outer cylinder B is earthed (Fig 1.25) 





Figl.25 
If a charge +q is given to the inner cylinder, then an equal charge 
—q is induced on the inner surface of the outer cylinder and a charge +q on the 
outer surface of the outer cylinder. The charge +q induced on the outer surface of 
the outer cylinder flows to the earth. 
The electric field at a point P in the space between the two cylinders at a distance r 


from the axis is 





Z 1 4 
"m 2n&olTr 0) 
The potential difference V between the cylinder A and B is 
V= -fJ E.dl ....(2) 
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Here , d/ is the vector displacement along a path from B to A (Fig 1.26) 





Figl.26 
Now , E is radially outward and d/ is inward. Therefore 
E.d/ = E dł cos 180° =-Edl 
As we move a distance dl from B to A, we move in the direction of decreasing r. 
So dł = -dr. Thus 


E. di = E dr 
Eq(2) becomes V = — DN Edr 
e 
q dr 


nel | "3 [from Eq. (1)] 





q 
27r £gl 


si toss (3) 
|.  2me&gl Jea 
Hence the capacitance of the cylindrical capacitor 1s 
ZITEgL 


q 
27T Eol 





{loger} = {logea — logebj 








"E Im 
CT y loge Č) 


If the space between the two cylinders contains some medium of relative 
permitted £, the above expression becomes 


AT £go£,l 
"E OCT 


b 
log e v 
Examples of Practical Cylindrical Capacitors: 


The Co-axial cable consists of a cylindrical metal shield, a co-axial central 
conductor and an in interposed dielectric. 


(1) A submarine cable consists of strands of copper separated from the 
Surrounding water by a suitable insulating cable. It thus acts as a 
cylindrical capacitor. The copper strands form the inner cylinder. The 
surrounding water acts as the outer cylinder. The insulating casing acts 
as the dielectric. 


28 


1.11.5 Capacitance of Parallel Plate Capacitor 

The parallel plate capacitor consists of two parallel metal plates each of 
area A and B separated by a distance d (Fig 1.27). The medium between the 
plates is air. A charge +q is given to the plate P. It induces a charge —q on the 
upper surface of the earthed plate Q. ‘d’ is kept small compared with the plate 
dimensions to enable us to ignore the fringing effects near the ends. Thus 
electric lines of force starting from plate P and ending at the plate Q are 
parallel to each other and perpendicular to the plates. 


Q > 





Fig1.27 


By the application of Gauss’s law 
Electric field at a point between the two plates = E= E 
O 


Here, o = surface density of charge = q/A 
Potential difference between the plates P and Q is 


O 
v = | -E dr = —— dr = — 
d 


The capacitance of the parallel plate capacitor is 





oO q oA £gA 
C= YT tedja) d 
£g À 
"d 


Capacitance of Parallel Plate Capacitor Partly Filled with Dielectric Slab: 


P and Q are the conducting plates of a parallel plate capacitor, each of area A 
placed at a distance, d apart. Suppose a dielectric slab, of thickness t and relative 
permittivity £, is introduced between the plates (Fig 1.28) P is given a positive 
«charge so that the surface charge density on itis ø. 
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| | Ai dielectric 





Thickness of dielectric slab = 
Thickness of air portion = (d-t) 
Electric field at any point in the air space between the plates =E = — 





Electric field at any point in the dielectric slab uL ae 


The potential difference V between the plates is the work done in carrying a unit 

positive charge from one plate to other in the field E over a length (d-t) and in the 
field E over a length t. Thus 

1, 9 ot 

ii eS : 


reo 





=< |(@-» + 


The charge on the plate P = q = cA 
Hence the capacitance of the capacitor is 
q OA i &€gA 


E v £[a-o«-z] (d — € * Z- 


1.12 Energy of Capacitor 


Let q’ be the charge and V’ the potential difference 
established between the plates of the capacitors at any instant during the process 
of charging. If an additional charge dq' is given to the plates, the work done by 
the battery is given by 


C 
Total work done to charge a capacitor to a charge q is 
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This work done is stored as electrostatic potential energy in the capacitor 
2 
1 


— 190  1gpmy2 = 
U= 5—=5CV (q=CV) 


This energy can be recovered if the capacitor is allowed to discharge. 
Energy Density : 


Consider a parallel plate capacitor of area A and plate separation d. 
torc U= Bye iffe 
Energy of the capacitor = U = p CV^ = : ( 4 ) V 


Volume of the space between the plates = Ad 
Energy density u is the potential energy per unit volume. 


UU 5 (S24 y2) 1 _1. ti 
4—Ad 2\d *Ad 2° a 
u = SEE? (V/d = E) 


; : 1 
Thus we can associate an electrostatic energy density u = 5 fo 2 with energy 


point in space where an electric field E exists. 
1.13 Loss of Energy on Sharing of charges between Two Capacitors : 


Consider two capacitors of capacitances C, and C2 
charged to potentials V4, and V2 (Fig 1.29). 


E. 





Fig1.29 
When they are joined by a wire, they attain a common potential V. 
Total charge CiV4 + CV, 
V —L——À—— a — + 
Total Capacitance C, + C; 
Total energy of the two capacitors before contact 
U — =C,V,? + CV” ...(1) 


Total energy of the two capacitors after contact 
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1 1 C,V, + CoV> 
U2 = 2 (C, + C2)V4^ = 2 (C, + C2) Me 
— 4t (C1V1 +C2 V2)” 
2 (C4* C2) 
Loss of energy due to contact, 


_i 24,1 2. 2 (CV + C22)" 
Mg — U2 = z CV t z 2V2 2 (C4t* C2) 
1 
= ye, y E KK + CCV? + Cav?) - (GV. + CV] 
1 2 
UAE + G) [Ci V; ? + C, C2 V5? + CCV? + CGV — G V 
1 2 
— C,V5,^ —2C1 C V1 V3] 
C d ; P 
2(C, 4 Ca) Yt T Va] 
n os 
= —L t. (VV? 
2(C4 + Co) (i V2) 


Since (V1 V2) ^ is always positive, U2 must be less than U;. Hence there is loss 
of energy on sharing the changes. The loss of energy appears partly as heat in 
the connecting wire and partly as light and sound if sparking occurs. 


1.14 Types of capacitors 
(a) Leyden jar: This capacitor has played an important historical role in 
electricity. It consists of a glass jar which is covered, both inside and 
outside including the bottom, with tin foil (Fig 1.30). The inside coating is 
connected through a chain to a rod which projects outside the jar. The rod 
is fitted with a knob at its upper end. The tin foil coatings act as the 
parallel plates of a capacitor with glass acting as the separating dielectric. 





TS Fig1.30 
This is similar to a parallel place capacitor 
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EvEgA 


The capacitance of the Leyden jar C = 
£, is the relative permittivity of glass 


A is the overlapping area of tin foils between the inner and the outer coatings 
tis the thickness of glass 


(b) Guard Ring capacitor. In parallel plate capacitor, the electric field 
between the plates is not uniform near the edges. This is called the "edge 
effect" of “fringing”. The express C= £g A/d is only approximate. This is 
avoided by using a guard ring. The circular insulated plate P is surrounded 
by a circular coplanar ring G. the inner diameter of G is slightly larger 
than the diameter of P (Fig 1.31) 





Fig1.31 
The air gap between P and G is very small. The diameter of the plate Q is 
equal to the outer diameter of G. The field between P and Q is uniform 
throughout the common area between them. The irregularity in the field occurs at 
the outer edge of the guard ring. 


The effective area of the plate = A’ = Area of the plate P + -Area of 
the circular air gap between P and G. 
C= gg A'/d 
This is used as an absolute standard of capacitance. 
(c)Mica Capacitor 

A schematic diagram of a multiple capacitor is shown in Fig 1.32 
consists of a number of parallel plate capacitors in parallel with the 
alternate metallic foils fixed to one end each. Mica is used as the 
dielectric. The capacitance of such a system is C =n £, £9 A/d where n is 
the number of capacitors grouped in parallel, A is the surface area of the 
plate and d is the thickness of each mica sheet. 
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(d) Electrolytic Capacitor 
It consists of two aluminium electrodes A and C dipped in a solution 


of ammonium borate (fig 1.33). 





Borate Solution 


ce p eee oo S C G 3 





Aluminium oxide 
Fig1.33 


On passing a direct current, a very thin film of aluminium oxide is formed 
on the anode. This film is an insulator. The arrangement can now be used 
as a capacitor with the anode as one plate, the solution as the other plate, 
and the aluminium oxide film as dielectric. Since the dielectric layer is 
very thin, the capacitance of this arrangement is very large. This capacitor 
must be placed only in a D.C circuit. It cannot be used in an A.C circuit. 
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(e) Variable Air Capacitor 
In consists of two sets of metal plates, one fixed and the other 
movable (Fig 1.34). 





Fig 1.34 


The fixed set is semi-circular in shape. The movable set is like a can and 
rotated with knobs. All the fixed plates are connected to one terminal. All 
the movable plates are connected to another terminal. Air is the dielectric. 
By rotating the knobs, the area of overlap between the two sets of plates is 
changed. Thus the capacitance of the capacitor changes. These capacitors 
are widely used in the tuning circuits of radio receivers. 
Uses of Capacitors: 

(i) They are used in the ignition system of automobile engines for eliminating 
sparking 

(11) They are used in radio circuits for tuning, to reduce voltage fluctuations in 
power supplies, and to increase the efficiency of alternating current power 
transmission. 

(111) They are used to generate and detect electromagnetic oscillations of high 
frequency. 

(iv) They serve as useful devices for storing electric energy. 


Check your progress: 


4. What is the value of capacitance of parallel plate capacitor when the 
distance of separating between the plates is halved’? 
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Check your progress: 


5. What will be happened to the capacitance of a capacitor when air in a 
capacitor is replaced by a medium of dielectric constant K.? 
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1.15 Let us Sum up 
e Coulomb’s Law: The force between two point charges is directly 


- proportional to the product of the charges, and inversely proportional to 
the square of the distance between them. 
|. 1 qiq2. 
ATED r? 
.* Gauss’s Law: The total electric flux (0) of the electric field E over any 
closed surface is equal to (1/25) 1 times the total net charge (q) enclosed by 


the surface. 
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p = $E.dS = a 
e Coulomb’s Theorem: The electric field at any point near a charged 
conductor is (1/€g) times the surface density of charge on the surface. 
e Mechanical Force experienced by unit Area of a Charged Conductor 
| £g E^ 
2 
e Electric field: Electric field at a point is defined as the force that acts on a 
unit positive charge placed at that point. 


P= 


F 
E = — 
q 


e Electric field due to an electric dipole at a point on its axial line 
1 2p 


ATE r? 





e Electric field due to an electric dipole at a point on its equatorial line 
1 p 
47t £o r3 
* Electric Potential Difference: The potential difference between two 
points in an electric field is defined as the amount of work done in moving 


a unit positive charge from one point to the other against electrical forces. 
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e Capacitance : The capacitance of a conductor is defined as the ratio of the 


charge given to the increase in the potential of the conductor. The unit o! 
capacitance is farad. 


e Capacitance of a Spherical Capacitor: 








b 4 
C = ATE, ees = EE (Outer Sphere Earthed) 
T. 47: £o b^ 
ee (Inner Sphere Earthed) 
e Capacitance of a Cylindrical Capacitor: 
AT EgE,l 
C — . —b. 
log e E 
e Capacitance of Parallel Plate Capacitor: 
_ €gÀ 
| d 


e Types of capacitors: 


= Leyden jar. 

= Guard Ring capacitor. 
= Mica Capacitor. 

"= Electrolytic Capacitor. 
" Variable Air Capacitor. 


1.16 Unit — end exercises : 


Detine Electric field and Electric field intensity. 

Derive an expression for the electric field due to a point charge 
state Gauss Theorem. Obtain an expression for the electric flux in 
Electrostatics. 

State and explain Gauss' Law. 

State and explain Gauss' Law in electrostatics. 

state and prove Gauss' Theorem in electrostatics. 

Explain the mechanical force on the surface of a charged conductor. 
Define electric potential and its unit. 

Define the terms ‘potential’ and ‘equipotential surface’. 


. Discuss the relation between electric intensity and electric potential. 
. Derive the relation between the electric field at a point and the electric 


potential. 


. Explain the principle of a capacitor. 
. Define Capacity and Farad. 


Applying Gauss Theorem find Electric field at points inside and outside a 
uniformly charged non-conducting sphere. 
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15; 
16. 


17. 
18. 
19. 


State and prove Coulomb's Theorem in Electrostatics. 

Derive an expression for the Mechanical force per unit area of a charged 
conductor. 

Calculate the Excess of pressure inside a charged soap bubble. 

Derive the expression for the capacity of a spherical condenser. 

Derive expression for the capacity of a cylindrical condenser. 


1.16 Problems for discussion: 


l. 


Four grams of gold are beaten into a thin leaf of area 1 m^. A small 
piece is cut of it and placed on a conductor. Calculate the surface 
density of charge required by the conductor so that the gold leaf is just 
lifted up. 

A sphere diameter 0.05m is charged to a potential of 1000 volts. 
Calculate the outward-pull per unit area 

A spark passes in air when the potential gradient at the surface of a 
charged conductor is 3 x 10? volts/m. What must be the radius of an 
insulated metal sphere which can be charged to a potential of 3 x 10? 
volt before sparking into air? 

Calculate the electric potential energy of an electron- proton system of 


an atom. The radius of the orbit of the electron is 21.216 x 107! m. 
1 10?Nm^ 


The charge on the electron is 1.6 x 10? C. (Given SN NO ) 
o 








Calculate the energy stored in a capacitor of capacitance 0.5 
microfarad if it às charged to a potential of 200 volts. 

Find the capacitance of parallel plate capacitor consisting of two 
parallel plates of area 0.054 m^ each and placed 10^ apart in free 
space. 

The radii of the inner and outer spheres of a spherical capacitor are 
4 x 10° metre and 6 x 10^ metre. If the dielectric medium between 
the plates is air, calculate the capacitance for the spherical capacitor if 
the outer spheres is earthed and the inner sphere is positively charged. 
A sphere of 10cm diameter is suspended within a hollow sphere of 12 
cm diameter. If the inner sphere be charged to a potential of 15000 
volt and the outer sphere be earthed, find the charge on the inner 
sphere. = 

A cable has a wire of radius 1 mm and it is surrounded by a thin 
metallic sheet of radius 6 mm. The space between the cable and the 
Sheet is filled with a material of dielectric constant 2.05. what is the 
capacitance of 8 m length cable? 
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10. A cable consisting of a wire 3mm in diameter and insulated with 3 mm 
of gutta-percha (€, = 4.26) is placed in water. Calculate the 
capacitance of 1 km length of the cable’? 


1.17 Answers to check your progress and problems for discussion 
Check your progress: 
1 F — q1d2 
| 47 £91? 


E 4142 E F 
ATE (2r)? 4 


2. Gauss’ theorem is a converse to Coulomb’s law. From Coulomb’s law, we 
find E from known source of charge. From Gauss theorem, we can find 
the source of charge, if we know E. 


3. E= — Here, E = 300 Vm! , o =? 
o 


o = E£ = 300 X (8.84 X 10-12) = 2.6562 X 10-°Cm-? 


The capacitance increased by K. 


Problems for discussion: 
1. Leto — charge density on the surface of the conductor. 
The upward force per m^ due to charge = o? /(2€ 9) 
Let m — mass per unit area of the gold foil 
Downward force on the gold foil due to its weight = mg 
oz 


When the gold foil is just lifted up (en) mg 
o 


o = | 2E£Eomg 
= 4/2 X (8.85 X10-+2)(4 X 10-3)9.8 


= 0.833 X10 ?^Cm ^? 
2. Charge on the sphere is 


q = 4n£gVr = 4n(8.85 X10-12)1000 X 0.025 
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= 2.78 X10 ?C. 


: q | 2.78X107? _ _7 —2 
Surface charge density = 0 = pper = 47 (0.025)2 = 3.54 X10 Cm 


Outward pull per unit area is 


g^ (3.54 X10 7)? 


MES eens ek 7.08 dC Med. 1; M 
P = 327 2X(89885X10-12) 


3. Here, potential gradient = = 3 X 10°V /m 
or dV=3x 10? dr 
or V—3x 10?r 
But v = 3 x 10° volt 
3x10°r=3x 10° 


r= lm 


4. Here ,q,; =1.6x 10°C 
qo = -l.6 x 10 CG 
r — 21.16 x 10'!! m 


—19.,2 9 
PE = did2 — — (1.6 X10 ) x EL 107) — 1.09 x10-18J 
ATTEQT (21.16 x 10711) 


5. Energy stored = 2 CV? = 2 (0.5 x1075)(200)? = 0.01/ 


6. £o = 8.85 x 10-12 Fm-! 
A-—4x1077m^^* 
d = 10?m 


Therefore 


8.85 x 10 !*^xA4x10? 


T —10 
TT = 3.54 10-19F 


C= 


Here C 1s the charge that raises the potential by unity or the charge holding 
capacity. 


47t£9 X AD 1 4X107^X6X1077? y 
a meee ees = 1.33 x10 farad 


g. C= AREOX ab . ( 1 ) 205 X 09e — 3.333 x 10-11 F 


(b—a) 9 X10? 0.01 
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Charge on the inner sphere = q = CV 
— (3.333 x 10711) x 15000 = 5 x 10°C. 
9. Capacitance of cylindrical capacitor 


—L2 
C= 2TErEol _ 27t X 2.05 X (8.854 X10 ^^)X 8000 __ 0.5092 x 1075 F 


TU b 0.0065 
loge) 2.3026 X logio( Soar) 


10. The capacitance of cylindrical capacitor is given by 
u 27r £,.&gl 


b 
loge C 
Here , a= = mm = 0.0015m 


3+ 6 
2 





mm = 0.00455 


£, = 4.26; l = 1km = 10?m 


2x3.14x4.26 x (8.854 x10 !^)x 10° B 
C = L———É———————————-2456x10"'F 


0.0045 
2.3026 logio (snois 


C = 0.2156uF. 
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41 





Unit II: Kirchoff’s Laws 
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2.1. Introduction 


Metals contain free electrons which can move through the metal under the 
action of electric force. Electric current in a conductor is the movement of these 
free electrons from one part to the other and is similar to the flow of water in a 
tube. As a difference of pressure is necessary at the two ends of a tube to make the 
water flow through it, similarly electrical pressure is necessary across the two 
points on the conductor for the electric current to flow through it. 


In metallic conductors, the positive charge cannot move, the entire transfer 
of charge is only due to the movement of negatively charged particles, Le., 
electrons. The conventional current is in the opposite direction to the direction of 
movement of the electrons. 


The atoms are firmly fixed in a metal and there is enough space in the 
metal for the movement of free electrons. An extremely small potential difference 
across any two points of a conductor is sufficient enough to make these electrons 
flow in the metal. In liquids and gases, the positively charged particles actually 
move in the direction of the conventional current and the negatively charged 
particles move in the opposite direction to the conventional current. Thus, in a 
metallic conductor the electric current that flows from the positive point to the 
negative point is in the opposite direction to the actual movement of the electrons 
and no positive charge actually moves from the positive to the negative point. 


If two conductors charged to different potentials are connected by a 
conducting wire, neutralisation of charge takes place through the wire from the 
conductor at the higher potential to the conductor at the lower potential. This flow 
of charge constitutes electric current and the current stops as soon as the potentials 
of the conductors become equal. If the potential difference between the conductors 
can be maintained by some means, there will be continuous flow of electric 
current through the conducting wire. This branch of electricity is called current 
electricity. 


2.2. Objectives 
After going through this unit, you will be able to: 
e understand the basic concepts of current, current density and drift velocity. 
e state Kirchhoff s law and its application to Wheat stone’s bridge. 
e derive the condition for the sensitivity of the bridge. 


e describe the construction working and determination of the resistance. 
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e outline the features of See back, Peltier and Thomson’s effect. 


e state the laws of thermo emf. 
e understand the importance of thermoelectric power. 


Current and Current density 


Electric current: 


In an isolated metallic conductor, the free electrons present in it are in 
random motion like the molecules of a gas. So the net rate at which electrons pass 
through any hypothetical plane is zero. If the ends of the conductor are connected 
to a battery, an electric field E will be set up at every point within the conductor. 
This field acts on the electrons and gives them a resultant motion in the direction — 
E. If a charge q passes through any cross-section of the conductor in time t, then 


the current I is defined by 
I=q/t 


When q is in coulomb and t in second, then I is in ampere. If the rate of 
flow of charge with time is not constant, the current varies with time. Then at any 


instant current 1s defined as 
I-dq/dt 


So current is defined as the net charge flowing across the area per unit 
time. Current is a scalar quantity. Conventionally the direction of electric current 
is taken along the direction of motion of positive charges. When the current is 
caused by the motion of electrons, the direction of current is opposite to the 


direction of electron flow. 
Current density: 


Current is a macroscopic quantity. The related microscopic quantity is the 
current density J. The current density at any point is defined as the quantity of 
charge passing per second through a unit area taken perpendicular to the direction 
of the flow of charge at that point. 


It is vector quantity and is characteristic of the given point inside a 
conductor. If the current is flowing uniformly across a conductor of cross- 
sectional are A, the magnitude of the current density for all points on that cross 
section is given by 
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The unit of current density if A/m’ 
Current I is related to the current density J by 
I- f J.dS 


where dS in an element of area and the integral is taken over any surface 
cutting across the conductor. From this equation we may define the current I as 
the flux of the current density vector J through a given area. 


2.3 Kirchhoff’s Laws 


Law 1. In any network of conductors, the algebraic sum of the currents meeting 
at any point is zero i.e. XI = O 


In the above equation, current flowing into a junction is regarded as 
positive, while the current flowing out o the junction is regarded as negative. In 
Fig.2.1 is a junction. According to sign convention, I), L;, Is are positive and Is, La 
Is, are negative. Then, 


? 


Lh T Íl,—lI4—lI44-15—185—0 


1.e. tle tle =h +l, + le 


Thus the sum of currents entering the point o is equal to the sum of currents 
leaving it. In other words Kirchhoff’ s first law states, “When steady current flows 
in an electric circuit, there is no accumulation of charge at any point or junction”. 





Fig 2.1 


Law 2. The algebraic sum of the products of the current and resistance in any 
closed loop of a circuit is equal to the algebraic sum of electromotive forces 
(e.m.f.s) acting in that loop. i.e., 2 IR= XE. 
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Sign Convention. (i) A product of current and resistance is taken as positive when 
we traverse in the direction of the current. 


(11) the emf is taken as positive when we traverse from the negative to the positive 
electrode of the cell through the electrolyte. 


Let 1; and i; be the currents through R; and R; (Fig.2.2) applying first law 
to the junction a, the current through R is i; +iz. Then by applying the second law 
for the closed loop ZAYZ. 


lo Eo 
Rə | 
A | Y 
A (44i2) 
m = 

E. 1 

etes 
Fig 2.2 


i Rı + (i, E i,)R — Ei 
Similarly, for the closed loop XAYX, 
i- R- + (à + i) R e E> 


These ‘Loop equations’ enable us to obtain the values of currents in different parts 
of the circuit in terms of R, R4, R; E, and E, 


2.3.1 Application of Kirchhoff’s laws to Wheat stone's bridge 


Four resistances P, Q, S and R form a closed network ABCE (Fig 2.3) A 
cell of emf E is connected between A and C. A galvanometer of resistance G is 
connected between B and D. 


Let I be the current along EA, I; along AB and I, along BD. By 
Kirchhoff's first law, the current along the various branches will be as shown an 
expression for the current through the galvanometer ig Kirchhoff's voltage law 
(KVL) 


Applying KVL to the closed mesh ABDA. 


AG 


LP+1gG—(U—h)R=0 


or (P+R) h + Glg = IR.............(1) 
=` 
w-€ 0 


Fig 2.3 
Applying KVL to the closed mesh BCDB, 
(cr Ig)Q — (1 — L + Ig)S — IgG = O 
(or) (Q+S) 71- (Q+S+G) I5-IS............. (2) 
Multiplying Eq.(1) by (Q+S), 
(P+R)(Q+S) 4 + G(Q + S)g = R(Q + S) ........... (3) 
Multiplying Eq. (2) by (P+R) 
(P+R)(Q+S) I, — (P + R)(Q + S + G)1Is = S(P + R)I......(4) 
Subtracting Eq. (4) from Eq.(3) 
[G(Q+S)+(P+R)(Q+S+G) Ig = [R(Q + S) — S(P + R)JI 


(QR—PS)I 


VEM un ER UNT rar requerir E eee RTT TTT (5) 


lg — [GCP t QM RT S)T(OPR)(OQ-S)] 


Condition for balance isl =O  i.e.,(QR — PS)I — 0. Since I has a finite 
values, 


QR-PS=0 
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Thus the condition for the balance of the bridge 1s 


P R 
Q Sues (6) 


2.3.2 Sensitivity of Wheat stone's bridge 


Fig 2.4 represents a Whetstone's bridge ABCD. The unknown resistance r is 
connected in the arm CD. Let the resistances in the arms AB, BC and AD be 
nmr;, mr; and nr; respectively. Let G be the galvanometer resistance. Let I be the 
current through the unknown resistance r, I, the current through the galvanometer 
and I, the current through resistance nmr;. Then by Kirchhoff's I law, the currents 
through mr, and nr, are respectively (11+1,) and (I1, ). 





Fig 2.4 


When r = rı, the bridge is balanced and I, =0. Therefore, the 
difference (r — r,) is a measure of the want of balance. The bridge will be most 
sensitive, if the galvanometer current I, is large, even when (r-rj) is extremely 
small. | 


Applying KVL to the loops ABDA and BCDB respectively. 
nmr;l;-Gl, —nr;(1+1,)=0......... (1) 
mr;(H-I;)-r12-GI, =0......(2) 
multiplying Eq.(2) by n, we get 


nmrjl; + nmr, I, — nrl +nGI, ED oss (3) 
subtracting Eq.(1) from Eq.(3), we get 
G(i+n) I, + nr; (12-m) I, — n(r-r,)I=0 
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Ig — n(r—ri) 


or I- G(1+n)+ nr4(1470) 
lg |. n(r—r4) 
Or P GeipGrrnürmpctt eMe eee ee (4) 


For a given ant of balance (r — rı) the value of I, will be large when, 


(1) I, the current through the unknown resistance 1s large 


(1i) G, the galvanometer resistance is small 
ee #8 > P * 

(iii) N, the ration "lan a is large 

1 


, . P : 
(1v) M, the ratio — — ——+ is small 
R TUT4 





The current I cannot be increased indefinitely because this will heat 
up the resistance coils and change their resistances. The sensitivity of the 
galvanometer itself is decreased if the resistance of the galvanometer G is too low. 

Therefore, we have to increase the sensitivity by increasing n and 
decreasing m. In the ideal case, if n =x and m = O, 

[s] | Oman) 
j max (G + rı) 

But this maximum sensitivity can never be realised in practices, 
because when n = «, the resistances in AB and AD are infinite. If m=0 the points 
-A and C are short circuited. , 

Ifm=n=1, 
lg | (r—-n) 
1 2G+n) 

This value is still half of the value in the ideal case. In practice, this is the 
condition for maximum sensitivity. However, for good sensitiveness of the 
bridge, n»21 and m«1. Thus the calendar rule is: The sensitivity of the bridge will 
be higher if the resistance in series with the unknown resistance is greater than the 
resistance connected in parallel to it. 

The positions of the galvanometer and the battery can be 
interchanged but these two arrangements are not equally sensitive. Maxwell gave 
the following rule regarding the best arrangement of these. 

Out of the battery and the galvanometer, the one having he 
higher resistance should be connected between the junction of the two highest 
resistances and the junction of the two lowest resistances. 


2.4. Carey Foster Bridge 


Description. The Carey Foster Bridge is a form of Wheat stone's bridge. 
It consists of a uniform wire AB of length 1 metre stretched on a wooden 
board(Fig 2.5) 
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Fig 2.5 


Two equal resistances P and Q are connected in gaps 2 and 3. The 
unknown resistance R is connected in gap 1. A standard resistance S, of the same 
order of resistance as R, is connected in gap 4. A Leclanche cell is connected 
across MN. A galvanometer G is connected between the terminal C and a sliding 
contact maker D. 


Theory. The Contact maker is moved until the bridge is balanced. Let I; be the 
balancing length as measured from end A. Let a and f be the end resistances at A 
and B. Let p be the resistance per unit length of the wire. 


From the principle of Wheat stone's bridge, 


P R+ae-+hp 


Q Sf -p(100-—1) a 


The resistance R and S are interchanged and the bridge is again balanced. The 
balancing length Lz is determined from the same end A. 
Then, 

P R+a ^t bp 


Fig 2.6 and 2.7 represent the equivalent Wheat stone's bridge circuit in the two 
cases. 
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Fig 2.6 


From Egns. (1) and (2) 


R+a+hpp . Rta@ +1z0p (3) 
S+B+(00-i1p S+B+p(100-1) © 


Adding I to both sides of Eq.(3) 


S+B+(100—/,)p R+8+(100—1,)p 


R+S+a+fP+100p R+S +a+f + 100p 
S+B+(100—1,)p R+6£+(100—-/,)p 


Since the numerators are equal, the denominators must be equal 
S+P+100p —h, = R +P + 100p — hP ... (4) 
S— hp SR— hp 
R=S+ pClog — Lh) ...... (5) 


To find p. A standard resistance of 0.1€2 is connected in gap 1. A thick copper 
strip is connected in gap 4 i.e., R = 0.19 and S=0. The balancing length I, is 
determined. The standard resistance and the thick copper strip are interchanged. 
The balancing length I, is determined. 


From Eq.(5) 0.12 S« p (L — Hh) 





for’ aw 0.1 


(Ia —14 ) 


Thus by knowing S andp, the unknown resistance R is calculated. 
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Check your progress 


1. In an experiment with Carey Foster bridge, the shift in the balance point is 
5.4 cm when a thick copper strip and one ohm resistance are interchanged. 
The one ohm resistance is then replaced by an unknown resistance. Now 
the balance point shifts by 10 cm on interchanging calculate the unknown 


resistance. 
ANS: --------------------2----------2-----------------------2---------------------------------- 


me —-—— ee AAA ee ee ee ee ey ee ee eee ee ee ee eee ee eee ee ee ee ee eee eee ee uum Gu: ee eee ee ee es ee ee eee eee eee eee ee eee ee Gum. ee ee es ee ee ee ee ee ee ee a ee ee ee ee ee ee ee ee ee uu m 


en ee Oe eee ee 


-— ee ee dumb ee ees inane ee ee es ee ee ee ee ee ee ee eee ee ee ee ee eee ee c a eee ee ee ee (wes Gus ee ee eee ee ees ee auum uuum es ee ee a Se ee mud uu 2 eee cms om UU 


2.5 Potentiometer 


Principle: A potentiometer is device for measuring or comparing potential 
differences. A potentiometer can be used to measure any electrical quantity which 
can be converted in to a proportionate D.C potential difference. It consists of a 
uniform wire AB of length usually 10 metres stretched on a wooden board by the 
side of a metre scale. The wires of length one mere each are joined in series and 
connected between the points A and B. The wires used have a low temperature 
^co-efficient of resistance. A steady current is passed through the wire AB with the 
h. p of a constant source of E.M.F (Fig 2.8) 


Ammeter 


a + K 


—_—_— di 


M 
NI 


Fig 2.8 


52 


Let the resistance per unit length of the potentiometer wire be p and the steady 
current passing through the wire be I amperes. 


AB=Lcm 
AD = I cm 
PD across AB=L pl 
PD across AD — 1 pI 


PD across AB = Lpi L 


PD across AD =lpl I 
PD across AD = -x PD across AB 


Thus, for a steady current passing through the potentiometer wire AB, the 
potential difference across any length is proportional to the length of the wire. 


2.6. Determination of the Internal Resistance of a Cell 


The given cell whose internal resistance is to be determined is connected is 
the circuit as shown in Fig.2.9. A resistance box R is connected parallel to the cell 
and AB is the potentiometer wire. A steady current is passed through the wire 
with the help of a battery. 





Fig 2.9 


If E is the EMF of the cell, r the internal resistance and V the 
potential difference across the cell when supplying a current I through the external 
resistance R 
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Then V — IR 


and E — I(R 4r) 
E Rtr — r 
vg its 
| f(E-V 
T= Z-Y) R eee (1) 


Initially with the key Kı open, the balancing length lı @AD) 1S 
determined. Keeping the current through the potentiometer wire the same, the key 
K1 is closed, and with a resistance R from the resistance box, the balancing length 
l- (=AD’) is determined. EMF, E o PD across lo 


E-V _ 1-lz 


Or 
V m 


Substituting this value in equation (1) 


The value of r is determined with different values of R and the mean value of the 


internal resistance 1s calculated. 
2.7 Measurement of potential and Calibration of voltmeter (low Range) 


A battery is connected to the ends of a potentiometer wire through a 
rheostat and a plug key. To the positive end A, the positive terminal of a Daniel 
cell of steady emf. 1.08 V is connected. The negative terminal of the Daniel cell 
is connected to the jockey through a galvanometer and a high resistance [fig 2.10)] 
. The jockey is pressed at the 540" centimetre (c) from the positive end A. There 
will be deflection in the galvanometer which is reduced to zero by adjusting the 


rheostat in the primary circuit. Now the potentiometer wire has a potential 


1.08 


difference of 1.08 V for 540 cm of its length. This corresponds to p.d. of rd 


0.042 V per cm. of the potentiometer wire. In this condition, the potentiometer 
of length 1000cm can balance an emf or p.d of 2 V. If an unknown p.d is to be 
measured, it is applied between the end A and the jockey through a galvanometer 
in such a way what the positive of the unknown p.d. to be measured, is applied 
between the end A and the jockey through a galvanometer in such a way that the 
positive of the unknown p.d. is connected to the positive end A of the 
potentiometer wire. By pressing the jockey at various points, the balancing point 
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and hence the balancing length / cm of the potentiometer wire are determined. 
The p.d across / balances the unknown p.d. of e volt. Then, e = 0.002*/ volt. 


Correction (V' - V) wt 





Fig 2.10 


[Balancing point is that point on which, if the jockey is pressed the 
galvanometer shows zero deflection. Then distance of this point from the end A is 
known as the balancing length.] 


The potentiometer adjusted to have a p.d. of 0.002 volt per cm as above, 
may be used to calibrate a voltmeter in the range o-2V. For this it is connected as 
the secondary circuit between the positive end A and the jockey. Contacts are 
made with the jockey at various points between A and B so that the voltmeter 
shows different readings. In each case, the length ] cm, of the wire between the 
end A and the point of contact J is measured. When the voltmeter shows a 
reading V, the actual p.d. across it is V = 0.0021, hence the correction to be 
applied to the voltmeter is calculated as V —V. 


A graph may be plotted with various voltmeter reading on the X axis and 
the corresponding corrections on the Y axis. The points plotted are joined by 
straight lines. The graph is called the calibration graph. The correction to be 
applied for any voltmeter may be found from this graph. 


If a larger p.d. of 5 V or 10 V is to be measured or if a voltmeter is to be 
calibrated for higher ranges, the potentiometer may be arranged to have a p.d. of 
0.005 or 0.01 volt per cm. For this battery connected in the primary circuit must 
have an emf greater than 5V or 10V and the length of the potentiometer wire 
balancing the emf of the Daniel cell must be 216 cm, or 107 cm. 


2.7.1 Calibration of Voltmeter (High Range) 


Using a Daniel cell the potentiometer is adjusted to have a potential 
difference of 0.002 Volt/cm as for the calibration of low range voltmeter. To 
calibrate a high range voltmeter (say O — 30 V), a variable D.C. power supply 
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capable of providing a voltage V, exceeding 30 V is taken, and the given high 
range voltmeter is connected across it. Two resistance boxes P and Q are also 
connected across the power supply. The positive terminal of P is connected to the 
positive terminal of the potentiometer, and the other terminal of P is connected to 
the jockey of the potentiometer through a galvanometer G and high resistance HR 
(Fig 2.11) 


The D.C. power supply is adjusted for a low voltmeter reading Vm. 
With P + Q = 10,000Q and a low resistance in P, a p.d. less than 2 V is obtained 
across P, and balanced on the potentiometer wire. Let the balance length be L cm. 
Thus p.d. across P = P.D across L cm of potentiometer wire. 


V.P 


TTE = 0.022 * L 





Therefore 


When V, is the correct voltage for the voltmeter reading V m. 


0.002 L (P+Q) 


Therefore V. = : 


The correction for the voltmeter reading is (Vc. — Vm). The experiment 
is repeated for various reading Vm of the voltmeter. A calibration graph is drawn 
with voltmeter reading Vm in the X axis, and the corresponding corrections (Ve — 
Vm) in the Y axis. 





Fig 2.11 
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2.7.2 Measurement of Current and Calibration of ammeter 


An accumulator is connected to the end of the potentiometer wire through 
a lug key. To the positive end A, the positive terminal of a Daniel cell of steady 
emf 1.08 V is connected. The negative terminal of a Daniel cell is connected to 
jockey through a galvanometer and a high resistance [Fig.2.12]. The balancing 
point and the balancing length lo of the potentiometer wire (balancing the emf. 


1.08 V of the Daniel cell) are found. Now there is a.p.d. of D volt per cm of the 
O 


potentiometer wire. After this the Daniel cell is disconnected. 


A separate secondary circuit is connected with the given ammeter in series 
with a battery, plug key rheostat and a standard resistance r (1 ohm or 2 ohm). 
The p.d across the standard resistance is applied in opposition between the 
positive end A of the potentiometer wire and the jockey through a galvanometer 


s 





Correction ('- 1) 





Fig 2.12 


and a high resistance . The rheostat is adjusted so that the ammeter reads various 
currents. For each reading I of the ammeter, the corresponding balancing length / 


is determined. Now the p.d. across the standard resistance r is balanced against 
the p.d. across the length / 


1 
Therefore P.d. across r — 





lo 


1.08 L 


The current through r — Eu dem l' which is the correct current through 
O0 


the ammeter. The correction to be applied to the ammeter reading I is calculated 
as I —I. 


A calibration graph is drawn with various ammeter reading on the X-axis 
and the corresponding corrections on the Y —axis. The correction to be applied for 


any ammeter reading may be found from this graph. 
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2.8 See beck Effect 


When two dissimilar metal wires are joined together so as to form a 
closed circuit and if the two junctions are maintained at different temperatures, an 
emf is developed in the circuit (Fig.2.13). This causes a current to flow in the 
circuit as indicated by the deflection in the galvanometer G. This phenomenon is 
called the See beck effect. This arrangement is called a thermocouple. The emf 
developed is called thermo emf. The thermo emf so developed depends on the 
temperature difference between the two junctions and the metals chosen for the 
couple. See beck arranged the metals in a series as follows: 


Bi, Ni, Pd, Pt, Cu, Mn, Hg, Pb, Sn, Au, Ag, Zn, Cd, Fe, Sb. 





Fig 2. 13 


When a thermocouple is formed between any two of them, the thermoelectric 
current flows through the hot junction from the metal occurring earlier to the 
metal occurring later in the list. The more removed are the two metals in the list, 
the greater is the thermo emf developed. The metals to the left of Pb are called 
thermoelectrically negative and those to its right are thermoelectrically positive. 


Check your progress 


2. What is a thermo couple? Mention few thermoelectrically positive and 
negative metals. 





2.5.1 Laws of thermo e.m.f: 


() Law of Intermediate Metals. The introduction of any additional metal 
into an thermoelectric circuit does not alter the thermo emf provided the metal 
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introduced is entirely at the same temperatures the point at which the metal is 
introduced. 
If aE» is the emf for a couple made of metals A and B, and ,E, that for the 
couple of metals B and C, then the emf for couple of metals A and C is given 
by. 

aEc = aE» + bEc 


(ii) Law of Intermediate Temperatures. The thermo emf E,?of a 
thermocouple whose junctions are maintained at temperatures T, and 
Ts is equal to the sum of the E.^ and E,” when the junctions are 
maintained at temperatures Tı, T2 and T5, T5 respectively. Thus 


E i = E,* + E Td 
2.9. Measurement of Thermo EMF using Potentiometer 


Thermo emfs are very small, of the order of only a few millivolts. Such 
small emfs are measured using a potentiometer. A ten-wire potentiometer of 
resistance R is connected in series with an accumulator and resistance boxes P and 
Q (Fig 2.14). A standard cell of emf £ is connected in the secondary circuit. The 
positive terminal of the cell is connected to the positive of Q. "The negative 
terminal of the cell is connected to a galvanometer and through a key to the 
negative of Q. 


| _ A 
€) 





Jy Byes 


Fig 2.14 


A resistance of 100 ER ohms is taken in Q. The resistance in P is 
adjusted so that on closing the key, there is no deflection in the galvanometer. 
Now, the PD across 100 ER ohms is equal to E. 


PD across R ohms of the 





, ER 1 a 
Potentiometer volt = —— volt = 10 millivolt. 
100 ER 100 
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Thus the fall of potential per metre of the potentiometer wire is 1 millivolt. So we 
can measure thermo emf up to 10 millivolt. 

Without altering the resistances in P and Q, the positive of the 
thermocouple is connected to the positive e terminal of the potentiometer and the 
negative of the thermocouple to a galvanometer and jockey. One junction is kept 
in melting ice and the other junction in an oil bath or in a sand bath. The jockey is 
moved till a balance is obtained against the small emf e of the thermocouple. Let 
AJ — icm is the balancing length. Then, 


Thermo emf e= —l millivolt. 





max Copper- Iron 
emf * thermocouple 





Thermo E.M.F. 


te > dii um ee GM MD GS má 






P | | - A 


Keeping the cold junction at 0° C, the hot junction is heated to different 
temperatures. The thermo emf generated is determined for different temperatures 
of the hot junction. A graph is drawn between thermo emf and the temperature of 
the hot junction (Fig.2.15). The graph is a parabolic curve. 


The thermo emf E varies with temperature according to E = at4-bt^, where 
a and b are constants. The thermo emf increases as the temperature of the hot 
junction increases, reaches a maximum value at a certain temperature 7,, then 
decreases to zero at a particular temperature T; On further increasing the 
difference of temperature, emf is reversed in direction. 

For a given temperature of the cold junctions, the temperature of the hot 
function for which the thermo emf becomes maximum is called the neutral 
temperature (T, ) for the given thermocouple. 

For a given temperature of the cold junction, the temperature of the hot 
junction for which the thermo emf becomes zero and changes its direction is 
called the inversion temperature (T; ) for the given thermocouple. 
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T,, is a constant for the pair of metals. 7; is variable. 7 is as much above 
the neutral temperature as the cold junction is below it. 


2.10. Peltier Effect 


Consider a copper — iron thermocouple (Fig.2.16). When a 
current is allowed to pass through the thermocouple in the direction of arrows 
(from A to B), heat is absorbed at the junction B and generated at the junction A. 
This absorption or evolution of hat at a junction when a current is sent through a 
thermocouple is called Peltier effect. The Peltier effect is a reversible 
phenomenon, if the direction of the current is reversed, then there will be cooling 
at the junction A and heating at the junction B. 





When an electric current is passed through a closed circuit 
made up of two different metals, one junction is heated and the other junction is 
cooled. This is known as Peltier effect. 

The amount of heat H absorbed or evolved at a junction is 
proportional to the charge q passing through the junction L.e., 

Ha«xgqorH « It 

Or H = alt 

Where 7t is a constant called Peltier Coefficient 

When I= 1 A and t= 1 sec, then H = m 

The energy that is liberated or absorbed at a junction between two 
dissimilar metals due to the passage of unit quantity of electricity 1s called Peltier 
coefficient. 

It is expressed in joule/coulomb 1.e., volt. The Peltier coefficient is 
not constant but depends on the temperature of the junctions. 
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2.10 Thomson Effect 


Consider a copper bar AB heated in the middle at the point C 
(Fig.2.17). A current is passed from A to B. It is observed that heat is absorbed 





_ Heal 
absorbed 


Fig 2.18 
in the part AC and evolved in the part CB. This is known as Posit vive Thomson 
effect. Similar effect is observed in metals like Ag, Zn, Sb, and Dd. 

In the case of an iron bar AB, heat is evolved in the part AC and 
absorbed in the part CB (Fig 2.18). This is known as Negative Thomson effect. 
Similar effect is observed in metals like Pt, Ni, Co and Bi. 

For lead, the Thomson effect is zero. 

The Thomson effect is reversible. 

In the case of copper, the hotter parts are at a higher potential than the colder ones. 

It is opposite in the case of iron. Heat is either absorbed or evolved when current 

passes between two points having a difference of potential. Therefore, the 
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passage of electric current through a metal having temperature gradient results in 
an absorption or evolution of heat in the body of the metal. 

When a current flows through an unequally heated metal, there is 
an absorption or evolution of heat throughout in the body of the metal. This is 
known as “Thomson effect’. 

Thomson Coefficient: The Thomson coefficient c of a metal is defined as the 
amount of heat energy absorbed or evolved when a charge of 1 coulomb flows in 
the metal between two points which differ in temperature by 1° C. 

Thus, if a charge of q coulomb flows in a metal between two points 
having a temperature difference of 1° C, then 

Heat energy absorbed or evolved = oq joule. 

But if E volt be the Thomson emf developed between these points 
then this energy must be equal to Eq joule. 

og = Eq 
o=E. 

Thus the Thomson coefficient of a metal, expressed in joule per 
coulomb per ° C, is numerically equal to the emf in volt, developed between two 
points differing in temperature by 1°C. 

Hence is may also be expressed in volt per ° C. 

o is not aconstant for a given meal. It is a function of temperature. 


Check your progress 
3. Define the terms: ‘Neutral Temperature’ and “Temperature of inversion’ 





2.11.1 Thermodynamics of Thermocouple 
(Expressions for Peltier and Thomson coefficients) 

Consider a thermocouple consisting of two metals A and B, 
Let T and T +dT be the temperatures of the cold and ho junctions respectively 
(Fig 2.19). Let x and x +dz be the Peltier coefficients for the pair at the cold and 
hot junctions. Let ca and oy be the Thomson coefficients for the metals A and B 
respectively, both taken as positive. When a charge flows through the 
thermocouple, heat will be absorbed and evolved at the junctions due to Peltier 
effect and all along the meta due to Thomson effect. 
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Fig 2.19 
Let 1 coulomb of charge flow through the thermocouple in the direction from A to 
B at the hot junction. 
Heat energy absorbed due to Peltier effect at the hot junction = (n+dr) joules. 
Heat energy evolved due to Peltier effect at the cold junction = m joules 
Heat energy absorbed in the metal A due to Thomson effect =o,dT joules 
Heat energy evolved in the metal B due to Thomson effect =o, dT joules 
Net heat energy absorbed in the thermocouple 
—(z--dz —) + 0, AT — oydT 
= dr + (Oa — 0,) dT 
The energy is used in establishing a P.D dE i n the thermocouple 
dE= daz + (dg — Op) dT ........ (1) 
since the Peltier and Thomson effects are reversible, the thermocouple acts as a 
reversible heat engine. Here. 


(1) The heat energy (a +d z) joule is absorbed from the source at 
(T+dT) K and o4 dT joule is absorbed in metal A at mean temperature TK. 
(11) Also x joule is rejected to sink at T K and o,dT joule is given out 


in metal B at the mean temperature T K. 
Applying Carnot's theorem, we have 
mT +d o,dT m  ogdT 


T+aT T T T 





m -dn m (Op —og)dT 
T+aT T T 


nT -dnT —nT —ndT (op —og4)dT 
T(T + dT) iu F 


dzu.T — m. dT = (op —og4)dT(T + dT) 
dn.T — n.dT = (op — o4)TdT + (oy — Oa )dT? 


(dx.T — n.dT) = (oy — o4)T.dT 
64 


[Neglecting ((oy — og)dT ^] 


T(dmr + (o4 — 6,)aT| = ndaT 


But dr + (o,-—o0p)dT = dE from Eq.(1) 
TdE = mt. dT 
dE 
T =T. ar cm 2) 


The quantity (dE/dT) is called the thermoelectric power (P) 

Thermoelectric power (P) is defined as the thermo emf per unit difference 
of temperature between the junctions. 

Peltier coefficient = (Absolute AD^ x (thermoelectric power) 


l _— dr £ 
Differentiating Eq. (2). — ae =T LM e 
Substituting the value of (dE/dT) from Eq.(1). 
di " d^E T dE n ) 
—X 0 a Án EE O 
ar lare tap V % 





d?E 
(Oa — Op) = Tae 
daz 
(Op — Ca) = T.e (3) 


d? E 
Op — —— 


Thomson coefficient = (absolute temperature of the cold junction ) x ( first 
derivative of thermoelectric power). 


From Eq. ae. s = Ta or der — (= MM 


Putting dE/dT from Eq. (2),we have 


2 (=) - (==) =O Leere (5) 


This gives the relation between Peltier and Thomson's coefficient. 
2.12 Thermo electric Diagrams 


A thermocouple is formed from two metals A and B. 
The difference of temperature of the junction is TK. The thermo emf E is given 
by the equation. 
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E = aT + bT’? 


A graph between E and T is a parabola. 


— a+ 2bT 
dT 
dE/dT is called thermoelectric power. 
Cd 
Zn 
dE‘aT Cu 
Fe 
Q L---------------------- Pb 





Temperature ———5» 
Fig 2.20 


A graph between thermoelectric power (dE/dT) and difference of 
temperature T is a straight line. This graph is called the thermo-electric power 
line or the thermo — electric diagram. Thomson coefficient of lead is zero. So 
generally thermo electric lines are drawn with lead as one metal of the 
thermocouple. The thermoelectric line of a Cu=Pb couple has a positive slope 
while that of Fe-Pb couple has a negative slope. Fig. 2.20 shows the power lines 
for a number of metals. 


2.13 Let us sum-up 


e Kirchhoffs Law 1- In any network of conductors, the algebraic sum of 
the currents meeting at any point is zero i.e., XI = O 

e Kirchhoff^'s Law 2-The algebraic sum o the products of the current and 
resistance in any closed loop of a circuit is equal to the algebraic sum of 
electromotive forces (e.m.fs) acting in that loop. i.e., & IR= XE. 

e The sensitivity of the bridge will be higher if the resistance in series with 
the unknown resistance is greater than the resistance connected in parallel 
to it. 

e Potentiometer is a device used to measure potential difference. 
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Seeback effect- When two dissimilar metal wires are joined together so as 
to form a closed circuit and if the two junctions are maintained at different 
temperatures, an emf is developed 
Law of Intermediate Metals. The introduction of any additional metal 
into an thermoelectric circuit does not alter the thermo emf provided the 
metal introduced is entirely at the same temperatures the point at which 
the metal is introduced. 
Law of Intermediate Temperatures. The thermo emf £,° of a 
thermocouple whose junctions are maintained at temperatures I; and T3 is 
equal to the sum of the E,? and E;? when the junctions are maintained at 
temperatures Tı, T2 and T5, T; respectively. Thus 

EQ? = E,^ + EQ" 
Neutral Temperature: For a given temperature of the cold junctions, the 
temperature of the hot function for which the thermo emf becomes 
maximum is called the neutral temperature (Ty for the given 
thermocouple. 
Inversion Temperature: For a given temperature of the cold junction, the 
temperature of the hot junction for which the thermo emf becomes zero 
and changes its direction is called the inversion temperature (Ti ) for the 
given thermocouple. 


Peltier effect - The energy that is liberated or absorbed at a junction 
between two dissimilar metals due to the passage of unit quantity of 
electricity is called Peltier coefficient. It is expressed in joule/coulomb 1.e., 
volt. 

Thomson effect - When a current flows through an unequally heated 


metal, there is an absorption or evolution of heat throughout in the body of 
the metal. 


2.14 Unit —end exercises 


a 


State and explain Kirchhoff s Laws 

Describe the measurement of current using potentiometer. 

State Kirchhoff’s laws of distribution of currents in an electrical network. 
Apply these laws to deduce the condition of balance of a Wheat stone's 
bridge. 

Using Kirchhoff's laws, derive an expression for the sensitivity of 
Whetstone's bridge. How do the positions of cell and galvanometer affect 
the sensitivity? 
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2.15 


l. 


Explain the theory of a potentiometer. How will you use it to find the 


internal resistance of a cell? 

Two batteries of 7 volts and 13 volts and internal resistance lohm and 2 
ohms respectively are connected in parallel with a resistance of 12 ohms. 
Find the current through each branch of the circuit and the potential 
difference across 12 ohms resistance. 

Describe Carey-Foster bridge experiment with necessary theory to 
determine the resistance of a conductor. 

How will you calibrate an Ammeter using Potentiometer? 

Explain how a low range voltmeter could be calibrated using a 


potentiometer. 


. State the laws of (1) intermediate metals and (ii) intermediate temperatures 
. Define the terms : ‘Neutral Temperature and Temperature of inversion’ 


. What 1s thermoelectric power diagram 
. Explain the terms (i) Thermoelectric power (11) Peltier co-efficient and (111) 


Thomson co-efficient 


Problems for discussion 


A battery of e.m.f., 6 volts and internal resistance 5 ohm is joined in 
parallel with another of e.m.f., 10 volts and internal resistance 1 ohm and 
the combination sends a current through each battery. 


Twelve conductors each of resistance 3 ohm are connected to form a 
skeleton cube. A battery of e.m.f. 6 V and internal resistance 0.5 ohm is 
connected between two diagonally opposite corners of the cube. Find the 
equivalent resistance of the cube and the current supplied by the battery. 


A Thermo-couple is made of iron and constantan. Find the emf developed 

per ^C difference of temperatures between the junctions, given that 

thermo-emfs of iron and constantan against platinum are + 1600 and -3400 

uV pr 100 C difference of temperature. 

In copper, there are 10 ^^ free electrons per cm? all of which contribute to 

current of 1 ampere in a wire of copper of 0.01 cm’ cross-sectional area. 

(1) What is the average speed of electrons in the copper wire 

(11) What is the electric field in the wire? Given specific resistance of 
copper — 1.6 x 10? ohm-metre. 

Iwelve conductors each of resistance 2 ohm are connected to form a cube. 

A battery of e.m.f. 10V is connected between the two diagonally opposite 

corners of the cube. Calculate the equivalent resistance of the framework 

and the current through each resistance. 
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2.16 Answers for check your progress and Problems for discussion 
Check your progress: 
Answer 1: 
p= 1/ 5.4 ohm / cm 
R = $+ p(l5 -11) = 1.85 ohm. 
Answer 2: 


When two dissimilar metal wires are joined together so as to form a closed. 
circuit and if the two junctions are maintained at different temperatures, an 
emf is developed in the circuit. This arrangement is called a thermocouple 


Bi, Ni, Pd, Pt, Cu, Mn, Hg thermoelectrically positive metals 
Sn, Au, Ag, Zn, Cd, Fe, Sb. thermoelectrically negative metals 
Answer 3: 


Neutral Temperature: For a given temperature of the cold junctions, the 
temperature of the hot function for which the thermo emf becomes 
maximum is called the neutral temperature (V4 ) for the given 
thermocouple. 


Inversion Temperature: For a given temperature of the cold junction, the 
temperature of the hot junction for which the thermo emf becomes zero 
and changes its direction is called the inversion temperature (Ti ) for the 
given thermocouple 


Problems for discussion: 


Solutionl: 
x SOHM 
ee 
6V WAV 
1 OHM 
b poc AA D 
10V WV 
E F 
12 OHM 


Applying Kirchhoff’ law second law to the mesh A B FE A 
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lx5-—-(-b)x1226 || —» .— --- (1) 
Applying Kirchhoff? law second law to the mesh CEFDC 
bxl-« (Li+) KX12=10 | | | | .—.-..- (2) 


Solving 1 & 2 I; = -6/11 ampere & I, = 14/ 11 ampere 


Solution 2: 





0.5 OHM 


Let / be the current supplied by the battery. The current / enter the system at A and 
leaves it at G. The distribution of current in the various branches is as shown in 
the figure. 


Applying KVL to the closed loop ABFGA 
V3 x 3+ 6x341/3x3+051=6 
I —2A 
Let X be the equivalent resistance of the frame work. Then, 
(X+05)xI=6; X=2.5Q. 


Solution 3: 


Econ | — Ept +£Econ = Epp — EC! 
V 
Epe = 16u sq 
34uV 
Bm = -I 


7O 


| | 50uV 
EE. 





E con 
4. (06.25 x 107 ms” 
(ii) J=oE —- E 


E—p/] = 1.6x310 ? ohm — m x 10 A m~? 
E= 1.6x10? Vm". 


5. The current , 6x, entering at c gets divided equality into > x 6x = = 2x, 
Along CA,CD and CE(fig) .at the junction A, the current 2x gets split into 
x and xalong AB and AF. 


Applying kirchhoff's law to the path CABG, we get 
2xx24xx2+2xx2=10 
10x =10 
x=] A 
the current which enters at the node C =6x —6A. 


l 10 5 
Equivalent resistance of the framework — amis ohms 





2. 13 Suggested Readings: 


3 Electricity and Magnetism - S Mahajan And A A Rangwala ,Tata McGrew 
Hill 
4 Electricity and Magnetism - Dr.K.K.Tewari S.Chand & Co,2002. 


5 Electricity and Magnetism with Electronics -D.N.Vasudeva S.Chand & 
Co,2002. 


6 Electricity and Magnetism - Narayanamoorthy, Nagarathinam. 27° Revised 
Edition 
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Unit III: Biot — Savat’s Law 





Structure: 


3:1. 
9:25 
3:5. 


3.4. 
3.5. 


3.6. 
Sif. 
3.8. 
3.9. 


3.10. 
3.11. 
3.12. 
3.13. 
3.14. 
3. 15; 
3.16. 
3.17. 


3.18. 
3.19. 
3.20. 
3.21. 
3.22. 


Introduction 

Objectives 

Biot — Savart's law 

3.3.1 Biot — Savart's law & its applications: 

Long straight wire of infinite length 

Ampere's theorem 

3.5.1 Ampere's Law 

3.5.2 Differential Form of Ampere's Law 

Magnetic field at the center of current carrying circular coil 
Magnetic field due to Solenoid 

Ballistic galvanometer (Theory and Damping corrections) 
Deadbeat and Ballistic galvanometer 

Determination of absolute capacity of a conductor 
Comparison of capacitance using ballistic galvanometer 
Faraday’s laws of electromagnetic induction and Lenz’s law 
self induction 

Energy stored in an inductor 

Self inductance by Rayleigh's bridge method 

Mutual inductance — Determination using ballistic galvanometer 
Coefficient of coupling Eddy current 

3.17.1 Coefficient of Coupling 

3.17.2 Eddy Currents 

3.17.3 Uses of Eddy Currents 

Summary 

Unit - end exercises 

Problems for discussion 

Answer to check your progress & Problems for discussion 
suggested Readings 


3.1 Introduction 


vast 


The concepts of electric current will be of much use to us and it is a 


area to study. However, for reasons of simplicity we confined our 


considerations of these concepts for charges that are placed in vacuum. For 
example, Coulomb’s law of electrostatic force is the electric field due to a 
distribution of charges. And in this unit we are concentrate our attention on 
electric & magnetic field especially magnetic field due to solenoid, circular coil 
carrying current & the working principle and applications of ballistic 
galvanometer. 
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3.2 Objectives 


After going through this unit you should able to 


understand what is meant by magnetic field, the right hand rule Biot- 
Savart law. 

define the magnetic field at a point in terms of the force on a steady 
current element and also an a moving charged particle. 

use Biot-Savart law to describe and compute the magnetic field generated 
by a simple current flow . 

find the magnetic field inside a long solenoid. 

compute the torque exerted by a steady magnetic field upon closed current 
loops. 

compute the magnetic field at the centre of a circular coil carrying current. 
appreciate how the forces on current — carrying conductors, placed in a 
magnetic field, are used to understand the working of galvanometer and 
motors. 


3.3 'The Biot-Savart Law 


Consider a conductor XY carrying a current i (Fig 3.8.) Consider an 


element AB of length dl. O is the midpoint of AB. P is a point at a distance r 
from O. @ is the angle between dl and r. 


— 








Fig 3.8 


Magnetic induction dB at point P due to the current element d/ is 


dB = (5) HE7 f) 


Here f is the unit vector along r. 
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The magnitude of dB 1s 


dB = (£2) -—7— o NN (1) 
dB «i 
« di 
x sind 
1 
r2 
Ho 


= 10-’Wb A ^m^"! 
AI 


Here, Ho is called the permeability of free space. 
Thus = = 10 7Wb A m^? 
Eq. (1) is called Biot — Savart's law. 


The direction of dB is that of the vector d/ x r. 
The total magnetic induction B at P due to the current flowing in entire 


length of the conductor is 
Ho dix f 
p= f aB = (22) | i 


The vacuum, B is related to H (magnetic field intensity) by the formula 
B = Ho H 


3.3.1 Biot — Savart’s law & its applications 
Magnetic Field of Electric Currents 


Oersted’s Experiment: Oersted first noticed the magnetic effect of 
electric current. He found that a pivoted magnetic needle gets deflected when a 
steady current is passed through a wire kept above or below and parallel to it (Fig 
3.1). The deflection of the needle must be due to the magnetic field round the wire 
carrying current. The direction of deflection of the needle is given by Ampere’s 


Swimming rule. 


L 


F 
A ep COBB 


Conductor” Carrying Current N 


S pes e NM 
ot 


Fig 3.1 
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Imagine a man swimming along the wire in the direction of the current 
with his arms stretched and with his face towards the compass needle. The north 
pole of the needle is deflected towards his left hand. 

Fig 3.2. Represents the direction of the magnetic lines of force due to a 
single straight conductor carrying current. 





Fig 3.2 
In a straight isolated conductor carrying current, the magnetic field is 
circular and concentric with the conductor. Its direction round the conductor is 
given by either Maxwell’s cork screw rule or right hand clasp rule. 
Maxwell’s cork screw Rule:/f a right handed screw is turned to advance along 
the conductor in the direction of the current, the direction of rotation of the screw 
gives the direction of the lines of force (Fig 3.3) 





Fe 7| Current 






5 
Hays g 


| *. 
ae 


Magn etic 
field 


Fig 3.3 
Right hand clasp Rule: C/asp the conductor in the right hand with the thumb 
pointing in the direction of the current. Then the direction of bend of the rest of 
the fingers gives the direction of the magnetic lines of force (Fig 3.4) 
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fig 3.4 


The magnetic Field: The space around the current carrying conductor is defined 
as the site of a magnetic field. Magnetic field is a vector field whose magnitude 
and direction at any point are specified by a vector B called magnetic induction. 

The definition of B: Consider a charge q moving with velocity v in a region 
where B exists (Fig 3.5). The charged particle experiences a force F in a direction 


perpendicular to both v and B. 
Z 


F 4 B 





x 
Fig 3.5 
F=q (v xB) 
F = qBvsinO 


F 


Magnitude of B— ate sind) 


7 Force on the charged particle 
charge component of the velocity perpendicular to B. 
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The magnitude of the magnetic induction at a point is the ratio of the force on a 
moving charge at that point and the product of the charge and component of tts 
velocity along a direction normal to the induction. 

SI unit of B is Weber/metre^ or tesla. 
Magnetic induction B at a point is said to be one tesla if a charge of IC moving 
with a velocity of 1 ms‘ at right angles to the magnetic induction field B at that 
point experiences a force of IN. 





Fig 3.6 
The direction of F is perpendicular to the plane containing v and B. It is 
given by Fleming's left hand rule. 





3.4 Long straight wire of infinite length 
Magnetic tnduction at a Point due to Straight Conductor Carrying 


Current 
Consider a straight conductor XY carrying a current i in the direction Y to 


X (Fig 3.9). P is a point at a perpendicular distance a from the conductor. 
Consider an element AB length dl. Let BP = r and < OBP = 8. 
Magnetic induction at P due to the element AB — dB 

— ( Mo lidlsinOT 

=(2)—] 0) 


From B, draw BC perpendicular to PA. Let ZOPB = ø, 2BPA = dg. 


Then, BC = di sin d=rdq@ 
_fHo\trde f Koide 
4B = (22) r? "i2 r 
In A OPB,cos o == or r —a/cosq 








f Ho icos pag 
dB = (£ ZETE (2) 
X 
€ 
i * 
Arno’ 
at 6 xL 
B SO 92 
a TÉ 
F 
oí MM qe 
j "x 
v* 
Fig 3.9 


The direction of dB will be perpendicular to the plane containing dl and r. 


It will be directed into the page at P as shown by right hand rule. 
Let o, and gy, be the angles made by the ends of the wire at P. Then. 


magnetic induction at P due to the whole conductor is 
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-f (£e icos — ev =(4 Ho £o) i sing]? e 
-~91 
= (=)- i: [sin 95 — sin qi] 
=(4 "JP [sin 92 + sin(@g, )] s) 
If the conductor is infinitely long, 


Pı = P2 = 90" 
_{ Ho\t _ Hot 
B = (“2)=[4 +1] = 4) 
Magnitude of B depends on i and a. B « 1/a 


x Lines of 


„i / Induction 





Fig 3.10 
Ihe lines of B form concentric circles around the wire (Fig 3.10) 


Check your progress: 


l. Find the magnetic induction at the centre of a square current loop of side 1 
meter carrying a current of 1 ampere. 
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Check your progress: 
2. Of the three vectors in the equation F = qv x B, which pairs are always at 


right angles? Which may have any angle between them 


Check your progress: 
3. Write one analogy and one difference between Coulomb’s law and Biot- 


Savart law. 





3.5 Ampere’s theorem 

3.5.1 Ampere’s Law 

Statement: The line integral $ B.d/ for a closed curve is equal to uotimes the 
net current i through the area bounded by the curve. That 1s, 


$ B. dl = Lol 


Here Hois the permeability constant 

Proof. Consider a long straight conductor carrying a current it perpendicular to 
the page directed outward (Fig 3.11). According to Biot-Savart law, the magnetic 
of the magnetic induction at a distance r from its given by 





Fig 3.11 
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= Hot 
2nr 
At each point on this circle, B has a constant magnitude B and dI which is always 


tangential to the path of integration, points in the same direction as B. Thus, 


$ B. di = $ 5.at = B ġdi (B) (2r) 


Here 2mrr = ¢ dl is the circumference of the circle. 
Substituting the value of B from Eq.(1), we gt 


$ B.dI = £2 (2nr) = poi 


Thus the integral $ B.dl is ug times the current through the.area bounded by the 
circle. This is ampere’s law. . | 
3.5.2 Differential Form of Ampere's Law 

Let J be the current density in an element dS of the surface bounded by the 
closed path (Fig 3.12). Then, 








Fig 3.12 


Total current i — f. J.dS 


5 B.di = Ho | J-as 


Using Stokes theorem 


p B. dl = f curl B. dS 


S 


f curt B.dS = po | J.ds 


S S 


curl B= Hoj 
This is the differential form of Ampere's law. 
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3.6 Magnetic field at the center of current carrying circular coil 

Consider a circular coil of one turn of radius r and centre O, carrying a 
current i. To find the flux density or the magnetic induction of the magnetic field 
produced at the centre, consider an element dl of the circular conductor (Fig 3.13) 





Fig 3.13 
According to Biot-Savart’s law. 
Hence , 0-90; sin 907-1 
i dl 
48 = ITE 


The whole circular conductor is made up of a large number of such 
elements of length d/. 
Thus the total magnetic induction at the centre due to the entire coil is 








Ho idi Hoi > 
= ——— = dl 
á åm r? 47rT 7 
— | Hoi 
But È dl = 2mr. = X 20r 
— Hoi weber 





2r square meter 
If the circular coil has n turns of mean radius r, the magnetic induction of the 
field produced at the centre is given by 
| Nol 
© Rr 
Here B is in tesla, r is in metres, and i is in amperes. 





3.7 Magnetic field due to Solenoid 

Let L represents the length of the solenoid and N the total number of 
turns in its winding (Fig 3.14). The number of turns per unit length is then N/L.a 
is the radius of the solenoid. A current i is flowing in the solenoid. The solenoid 
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contains air in its core. Let us find the magnetic induction B at a point P on the 
axis of the solenoid. 





Fig 3.14 


Consider an elementary length dx of the solenoid, at a distance x from 
P. We can regard this element AB as a circular coil of radius a containing N dx/L 
turns. 
Magnitude induction at P due to the element dx is 
Ujia~ N dx 1 


dB — 
2 L 








i 3 
(a^ + x^)2 
Let us use the angle p instead of x as the independent variable. 
Then, X-acotg; dx= -a cosec^pdqg 
Substituting these values of x and dx in Eq.(1), we get 
_ Hoia? N acosec* pdo _ HoiN 
aB = 2 '"L 2L 


3 sin o dq 
(a? +a? cot? )2 
The magnetic induction at P due to the entire length of the solenoid is 
cm 
Ut | d 
2T. sin 9 dq 


6 


B= 





Lo UN 
2L 
The direction of B is parallel to the axis of the solenoid. 
Note. If the core of the solenoid consists of magnetic material of 
permeability u, the magnetic induction inside such a solenoid is 
Ag UN 
2L 





[cosa — cos B| 


B = 





[cosa — cos B] 


Where u = ugun,and u = B/H 
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Special cases 


(i) At a point well inside a very long solenoid: a = 0, B = 180° 
B = ugiN/L 

Gi) At an axial point at one end of a long solenoid: a = 0, p = 90° 
B = ugiN/2L 


Hence the magnetic induction at either end is one-half its magnitude at points well 
inside the solenoid. 


Magnetic Field inside a long solenoid. 
Consider a long straight solenoid having n turns per unit length. Let 


1 be the current flowing in the solenoid. It is experimentally noted that magnetic 
field outside the solenoid is very small in comparison with the field inside. The 
lines of induction inside the solenoid are straight and parallel (Fig 3.15) 





Fig 3.15 


Consider a closed path pqrs. The line integral of magnetic field B 
along path pqrs is 


$ B.dl = f B.a+ f £a [ Bai + f £a 
pqrs 
pq qr rs sp 


Let pq =} for path pq, B and d/ are along same direction. 


f| £a- [5a 5 


pq 
For paths qr and sp, B and dl are mutually perpendicular 


| £a = f B.ai= Í B dicos 90° = o 
qr sp 
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For path rs , B = O (since field is zero outside a solenoid) 


f| B.ar=0 


TS 


Eq (1) becomes $ _B.dl = Joa B- dl = Bl 


pars 
By Amperes’s law, $ ors B.dl = ug x net current enclosed by path 
Bl = unD i 
B-—ug ni 


3.8 Ballistic Galvanometer 

Principle. When a current is passed though a coil, suspended freely in a 
magnetic field, it experiences a force in a direction given by Fleming's left hand 
rule. 


Construction. It consists of rectangular coil of thin copper wire wound on a non- 
metallic frame of ivory (Fig 3.16). It is suspended by means of a phosphor bronze 
wire between the poles of a powerful horse shoe magnet. A small circular mirror 
is attached to the suspension wire. Lower end of the coil is connected to a hair- 
spring. The upper end of the suspension wire and the lower end of the spring are 
connected to terminals T; and T2. A cylindrical soft iron core (C)is placed 
symmetrically inside the coil between the magnetic poles which are also made 
cylindrical in shape. This iron core concentrates the magnetic field and helps in 
producing radial field The B.G is used to measure electric charge. The charge has 
to pass through the coil as quickly as possible and before the coil starts moving. 
The coil thus gets an impulse and a throw is registered. To achieve this result, a 
coil of high moment of inertia is used so that the period of oscillation of the coil is 
fairly large. The oscillations of the coil are practically undamped. 


Torsion 
head 


&phor 
bronze 





Theory (i) Consider a rectangular coil of N turns placed in a uniform magnetic 
field of magnetic induction B (Fig 3.17.) Let 1 be the length of the coil and b its 
breath. 

Area of the coil = A= Ib 

When a current i passes through the coil, 

torque on the coil = T = NIBA ................. (1) 
If the current passes for a short interval dt, the angular impulse produced in the 
coil is 

rdi e NIBA E srcessresres -(2) 


o] 
Fig 3.17 
If the current passes for t seconds, the total angular impulse given to the coil is 
f, Trdt = NBA f, idt = NBAq................. (3) 


Here f E i dt = q = total charge pasing through the galvanometer coil. 
Let I be the moment of inertia of the coil about the axis of suspension and «o its 


angular velocity. 
Change in angular momentum of the coil = I &................. (4) 


Gi)The kinetic energy of the moving system = Ic is used in twisting the 
suspension wire through an angle @. Let c be the restoring torque per unit twist of 
the suspension wire. 


: - ' 1 
Work done in twisting the suspension wire by an angle 0 = = c0? 


or Ic? = c0? 
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Gii) The period of oscillation of the coil is 














I 4r I 
T = 2n (-) or T^ = 
C C 
2 
Lb c (7) 
à š 2 2 C T20? 
Multiplying Eqs.(6) and (7) [“w* = 2 
Or [w= — ecu cd eee (8) 
: cTO 
equating (5) and (8) NBAg = = 
S fom v LR 
Or q = (=>) (——) O 1» ee eee (9) 


This gives the relation between the charge flowing and the ballistic 
throw 80 of the galvanometer .q« @. 


T C T 
(zz) (=) is called the ballistic reduction factor (K) 


Correction for Damping in ballistic Galvanometer 

We have assumed that the whole of the kinetic energy imparted to 
the coil is used in twisting the suspension of the coil. In actual practice, the 
motion of the coil is damped by air resistance and the induced current produced in 
the coil. The first throw of the galvanometer is, therefore, smaller than it would 
have been in the absence of damping. The correct value of first throw is however 
obtained by applying damping correction. 
Let 01, 02, 03,.......be the successive maximum deflections from zero position to the 


right and left (Fig 4.29) Then it is found that 
BP eee MES 


The constant d is called the decrement per half vibration 
Let d = e^so that A = log,d 

Here A is called the logarithmic decrement 

SE d ee uoo ea 


03 05; 03 
Let @ be the true first throw in the absence of damping 
O > 8ı. The first throw 0, is observed after the coil completes a quarter of 


vibration. In this case, the value of the decrement would be e^/? 
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or 8 —6, (14 | — (2) 


0. _ 91 0; Os 0. Əs Bs Or Ba Bə M10 10a 


0i — TE E dae 


or = = loge (+) = nn Je (5) :"— (3) 


T)(zm)e(1-1).eeeeeee (4) 


3.9 Dead - beat and Ballistic Galvanometers 

Galvanometers are classified as (i) Dead-beat or aperiodic and (ii) 
Ballistic galvanometers 

A moving coil galvanometer is which the coil is wound on a metallic 
conducting frame is known as a dead-beat galvanometer. It is called "dead-beat" 
because it gives a steady deflection without producing any oscillation, when a 
steady current is passed through the coil 


3.9.1 Conditions for a moving coil galvanometer to be dead beat 


(1) Moment of inertia of the system should be small 
(11) Coil should be mounted on a conducting frame 
(iii) ^ Suspension fiber should be comparatively thicker 


3.9.2 Conditions for a moving coil galvanometer to be ballistic 


(1) The moment of inertia of moving system should be large. 

(41) Suspension fibre should be very fine 

(111) Air resistance should be small 

(iv) The damping should be small i.e., the coil should be wound on a non- 
conducting frame. 


3.9.3 Measurement of charge sensitiveness (figure of merit of a B.G) 
The charge passing through a B.G. is given by 


+= (£) Gag) (1*3) - n (13 


Here K is charge sensitiveness of figure of merit of the galvanometer. It is also 
known as the ‘ballistic reduction factor’ of the galvanometer. 
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The charge that should circulate through the coil to produce an 
undamped throw of 1 mm in the spot of light on a scale placed at distance of 1 


metre from the mirror is called the charge sensitiveness K of the ballistic 
galvanometer. 


AC x 





Fig 3.18 

Two resistance boxes P and Q and a key K are connected in series 
with an accumulator of emf E (fig 3.18). A capacitor of known capacitance C is 
connected to P through the vibrator V and charging terminal Ch of the charge- 
discharge key. The capacitor is charged with the p.d. across P. The charge on the 
capacitor can be discharged through the B.G., included in the circuit through the 
vibrator and discharge terminal of the charge — discharge key. A commutator Cr 
is included in the circuit to reverse the charge in the B.G. 

100022 in P and 9000€) in Q are included. The capacitor is charged 
and immediately discharged through the B.G. The first throw 04, is noted. The 
experiment is repeated with P = 20000, 3000Q etc., keeping (P+Q) = 10,0004. 
Mean value of P/@,1s calculated. 


Let the capacitance of the capacitor be C uF. 
E gs C 
(P+Q) m 
This charge produces a throw 04 


Undamped throw 0— 0, (1 T =) 
Charge required to produce unit deflection = K 
A 
— oe 
K = (1 +5) 
EC 
lee, 4 A 
1 
(P + Q) 04 (1 + 5A) 
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Charge on the capacitor q = 


N 


EP C 
TET 


K uC / div 


The value of Ais obtained by observing the first throw 04 and then the eleventh 


throw @,, and using the relation. 
0, 


TRAP ( )- l x 2.3026 x lo (= 
~ 10 lIe a) 10^ ^ Jio a 


3.9.4 Difference between Dead —Beat and Ballistic Galvanometers 
1. It measure steady current 1. It measures charge 
2. The steady deflection measures 2. The throw measures the charge 
the current. 3. The coil is wound on a non- 
3. The coil is wound on a metal metallic frame to _ reduce 
frame to increase electromagnetic damping 
electromagnetic damping 4. The coil is oscillatory due to 
4. The coil is non-oscillatory due small damping 
to large damping 5. The momentary passage of 
5. The coil rotates due to constant charge causes impulse on the 
torque. coil. The torque is zero when 
the coil rotates. 









































USES OF BALLISTIC GALVANOMETER 

3.10 Determination of absolute capacity of a conductor 
Absolute Capacitance of a capacitor 

(1) Two resistance boxes P and Q are connected in series with an accumulator of 
emf E (Fig 3.19). 

A small resistance (~ 0.1.2) is taken in P and a large resistance (9999.92) in Q so 
that P + Q = 10,0000. The galvanometer (MG) and a resistance box R are 
connected across P. 

E ur 
| EM. 
—|H—{+) 






Fig 3.19 


With no resistance in R, the steady deflection d of the galvanometer is 
found. A suitable resistance is taken in R till the deflection becomes half. The 
resistance in R is the galvanometer resistance R,. The experiment is repeated for 


various values of P keeping P + Q constant. 


Current through galvanometer = —— x — ................. (1) 
P+Q ` Rg 








Current through galvanometer is also = PT! ;———— Ó (2) 
From Egns. (1) and (2) 
C J= EP 1 
BAN PHQ R, 
c EP fP\ 1 
BAN d = P+Q (=) Rg oe (3) 


The mean value of P/d is found out from this part of the experiment. 

Gi) The galvanometer coil is set oscillating freely in open circuit. The time for 10 
oscillations is found and the period T is calculated. 

4i1)Connections are made as shown in Fig.3.20. Resistances Pı (10009) and Qj 
(900022) are included in the boxes P and Q respectively. 





Fig 3.20 


Potential difference across P, = V = 


EP, 
(P1+Q1) 
The drop of potential across P; is used to charge the capacitor, by connecting the 


terminals Ch and V of the charge — discharge key. 
EP, 


Charge on the capacitor =q=CV = C x (ito (4) 





91 


The terminals Dh and V are now connected so that the acitor gets discharged 
through the galvanometer. The first throw, is need 


0, (1 — (5) 





d — on BAN 








pS es Be (1 +44) 


à (P4 T Q4) 27m BAN 
[From Egqns.(4) and (5)] 
P1TQi 
or C= (4 a) as DUE eee (6) 


271 B 


"IN Wr the value of (c/BAN) from Eq (3) in Eq.(6) 
Qi\ PitQi l 

ie a ae ee 

But jJ T in P, + hea 
1 

- £3 (5) (&) (1-22) ss CD 
The experiment is repeated for various values of P; keeping (P, + Q1) the same as 
P+ Q. The mean value of 2 is calculated. 

1 


Gv)To find A, the coil is set oscillating. The first throw @, and the eleventh 


throw 04,4 are noted. Then, 


. 2.3026 0, 
n 10 Og 10 0,4 


Substituting the values of T, R,, (P/d), (>) and A in Eq.(7), C (the value of 
1 


capacitance of the given capacitor) is determined. 


3.11 Comparison of Capacitances using B.G 

Connections are made as shown in Fig.3.21.Let C, and Cz be the 
capacitances of the two given capacitors. These capacitors are connected to the 
end terminals of the DPDT key. A resistance of 1000Q is introduced in P and 


90002 in Q. 


The capacitor C, is charged to the p.d. across P. the charge on C, is then 
discharged through the B.G. The throws in the B.G. are noted before and after 
reversing the commutator. The mean throw@, is found out. 

With the same resistance in P and Q, the handle of the DPDT 
key is thrown on the side of C2, C2 is charged to the same potential across P. The 
charge on 
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Fig 3.21 
C5 is then discharged through the B.G. The mean throw 0, is fund out. 
Let V be the p.d. across the terminals of P. Then 


In the first case. q4 = Gx V = K0, (1 + =A) 


In the second case. q} = Cox V = K0, (1 f ~A) 
C; 0 
C, 8, 
The experiment is repeated for different values of P keeping (P+Q) constant. 
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6; 
L1. 1. 1l L1 1 LL 
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(ii) 
(111) 
(iv) 
(v) 


(vi) 


When the magnet is moved away from the coil, the galvanometer 
shows a deflection in the opposite direction. 

If the experiment is repeated with south pole of the magnet facing the 
coll, the deflections in the galvanometer are reversed. 

When the magnet is stationary, there is no deflection in the 
galvanometer. 

It 1s further observed that the deflection increases with the velocity of 
the magnet relative to the coil 

The same results are obtained if the magnet is kept fixed and coil 
moved. 


Experiment: Fig 3.23 shows a primary coil P connected to a battery and tap 
key K, and a secondary coil connected to a galvanometer. 


(G) 


(11) 


When the battery circuit is closed by pressing K and then broken, the 
galvanometer shows a deflection first in one direction and then in the 
other direction. 





If the current in the primary flows continuously, no deflection is 
produced in the galvanometer. The deflection is produced only at the 
time of make and break. 


similar effects are observed while increasing or decreasing the primary current 
or changing the relative position of the coils. 


G) 


From his experimental results, Faraday gave two laws: 


Whenever the magnetic flux through a conductor is changed, an emf is 
induced in the conductor. The magnitude of the induced emf is equal 
to the rate of change of magnetic flux through the circuit. 


If g is the magnetic flux linked with the circuit at any instant t and € is the 
induced e.m.f. then 


(11) The direction of the induced emf, or current, is such as to oppose the 
change that produced it. 


This is also known as Lenz’s law. 


- d 
Combining both laws, £ — — E 


3.13 Self — Induction 

When a current flows in a coil, a magnetic field is set up in it. (Fig 3.24.a). If 
the current through the coil is changed, the flux linked with the coil also 
changes. An induced emf is set up in the coil. By Lenz's law, the direction of 
induced emf is such as to oppose the change in current. When the current is 
increasing, the induced emf is against the current (Fig 3.24.b ). When the 
current is decreasing, the induced emf is in the direction of current (Fig 
3.24.c). The phenomenon is called self-induction. The induced emf is called 


back emf. 





FLUX į INCREASING i DECREASING 
"(ewe (SU, foo 
| | i | 
ZEE i, 
- £ 
(a) n - 
Fig 3.24. 


When the current in a coil is switched on, self-induction opposes the growth of 
the current. Hence the current increases slowly and takes some time — OD to 
increases from zero to maximum value (Fig 3.25) During the period of growth, 
energy 1s absorbed. When the current is switched off, self — induction opposes 
the decay of current. So the current does not become zero instantaneously but 
takes some time — DB. When the current is switched, off the stored energy is 
given back in the form of spark. The effect of self-induction in an electric 
circuit is similar to inertia in motion. 
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Maximum 
E l Current 

C: P 

- 
25. &àJ ' M 

O Time D B 
—— M 

(a) (b) Fig 3.25 


The phenomenon of the production fan induced e.m.f. in a circuit itself due 
to the change incurrent through it is called self induction and the induced 
e.m.f. is called back e.m.f. 
Self Inductance: The magnetic flux œ produced in a coil is directly 
proportional to the current I flowing in the coil 
pal 

or 

p = LI sears (1) 
Here L is a constant of proportionality, called the coefficient of self induction 
or self inductance of the coil 
From Eq.(1)ıf I= 1 ,thenọ =L 
Therefore , the self — inductance of a coil is the total magnetic flux linked with 
it when a unit current passes through it 


When the flux changes, the back e.m.f. induced in the coil is given by 
(Faraday’s law) 


E op pre (2) 
If —=1 unit lel =L 
dt u ple 


Self — inductance of a coil is numerically equal to the induced emf when 
current in it is changing at unit rate. 
S.I unit of self-inductance ts henry (H) 
From Eq.(1) one henry is the self-inductance of a coil or circuit, if a current of 
one ampere produces a magnetic flux of one weber in it. 

From Eq.(2) one henry is the self-inductance of a coil or circuit, if an 
induced e.m.f. of one volt is produced in it due to a rate of change of current 
of one ampere per sec. 


3.14 Energy Stored in an Inductor 

Consider an electric circuit containing inductance. When the circuit is closed, 
a back e.m.f. is induced in the circuit which opposes the growth of current in 
it. Therefore a certain amount of work has to be done by the current in 
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increasing the current from zero to a maximum value against the induced back 
e.m.f.. The work done by the current is stored in the magnetic field of the coil 
as potential energy. When the circuit is switched off, an e.m.f. is induced in 
the opposite direction which opposes the decay of current. Thus the work 
done by the current during the growth is recovered. 

Let I be the current in the inductor L at any instant t. 


dl 
Let the rate of growth of current be ET 


The back e.m.f. induced in the inductor € = —L = 
The work done in moving charge dq against this e.m.f is 
di m —dg eo dg it di e Lidl 
"———t nnn 


Total work done in increasing the current from zero maximum value/lo is 
Io 


1 2 
w-j[ua-ziü 
0 


Thus the energy stored in the inductor 1s 
1 


U = 2 LIS 
Special case If I; = 1, then L = 2W 
Thus, the coefficient of self-inductance is numerically equal to twice the work 
done in establishing magnetic induction accompanying unit current in the 


circuit. 


3.15 Determination of Self — Inductance by Rayleigh's Method 
The necessary circuit is shown in Fig 3.26. the coil, whose self- 
inductance L is to be measured, and a standard low resistance r (about 0.0192) 
are connected in the fourth arm of the Whetstone’s bridge. A plug key K3 is 
connected across r so that it may be short circuited. P, Q and R are non- 
inductive resistances. 


(a) Initially , K3 is kept closed. The ohmic resistance S of the inductance 
coil alone is included in the fourth arm. P is made equal to Q. then R is adjusted 
for no deflection in the B.G. by first pressing battery key K, and then galvanometer 
key K2. Under this condition , no current flows through the galvanometer 

(b) If now the galvanometer key K3 is closed first and then the battery 

key Kı then a throw @, 1s observed in the galvanometer. This throw arises due 


di . . : 
to an extra emf L E induced in the coil while the current is growing. 


If G is galvanometer resistance, then current through it due.to induced 
e.m.f., 1s 
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kL di 

Gat 
Here , K is a constant which depends upon the relative resistance in the circuit. 
Hence the total charge passing through the galvanometer, as the current in the 


coil grows from zero to a steady maximum value i, 1s sihi by 
ig di 





q—-f^i i'dt == (^ qr — 7 re (1) 
If 0, be the first throw of the gal vanometer, then 
Fig 3.26 
A 
q = K0,(1+5) aam eee (2) 
— lo = KO, (1 +< From Eqn.(1) and 
(2) 
kL T c o, (1+5) 3 
c io = ponpa? 5 ——— "i53 


(C) To eliminate k and Ip the key K3 is opened and the resistance r is included 
in the arm CD. As ris small, it does not affect the current 1p in the current ip in 
the arm CD appreciably. But it will introduce an additional emf rio in the arm 
CD. This causes a steady current (kr/G)io through the galvanometer. Ki, is 
closed first and then K2. The steady deflection @ in the galvanometer is noted. 
Then , 


DS ig = — 9... imum) 
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C R . 
Here meri the current reduction factor of the galvanometer. 
7t 


Dividing Eqn.(3) by (4) 


3.16 Mutual inductance — Determination using B.G 
Consider a long air —cored solenoid with primary PP and secondary 
SS as shown in (Fig 3.28) 
Let 

N; = number of turns in the primary 

No=number of turns in the secondary 

A= Area of cross section. 

‘= length of the primary 

I = Current in the primary 

Hoa 


Magnetic field at any point inside the primary = B = 





Fig g3.28 
Magnetic flux through each turn of the primary is 


Ho NATA 
[ 
Since the secondary is wound closely over the central portion of the primary, 


the same flux is also linked with each turn of the secondary. 
HoN41A4 
l 


BA = 


Magnetic flux through each turn of the secondary= 
Total magnetic flux through N; turns of the secondary=gy = pone 
By definition of mutual inductance, 
N,N2A 

M = NE Lb SM 
I l 
If the core is a material of permeability u, , then 

HotrNı N24 


M = — 9 henry 
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If there are a number of cores of area of cross-section A ,, Az A3 etc., and 
relative perm abilities Lr4 Mrz, U3, etc 


N 
M = I 





| Mri Aa + Hr2,À2 + Ur343 bcn ]Renry 


Experimental Determination of Mutual Inductance: 
Fig 3.29 represents the circuit arrangement for the measurement of 
mutual inductance between two coils P and S . C is a four-segment 
commutator and r is a very small resistance of the order of 0.01 ohm. 





M ERE E un - i Me ON Fs Fr a 
= K RHEOSTAT 
Fig 3.29 


At first, 1 and 2 are connected together so that the secondary circuit is 
closed through the ballistic galvanometer (B.G). Now segments 3 and 4 are 
also connected together to short circuit the resistance r. 

When the key K is pressed, the B.G. gives a throw. On pressing he 
key K the current in the primary slowly grows. Hence an induced emf is 
produced in the secondary. Let I be the instantaneous current in the primary. 


The emf induced in the secondary = £ = —M — 


The instantaneous current T in the secondary is 


€ _ Mdi 


T = "aie c (numerically) 


Here, R is the total resistance of the secondary circuit. 
Hence the total charge passing through the B.G as the current in the primary 
grows from zero to a steady maximum — EN in time internal t, is 


q— f dt— Kp nE Joa = 


R dt 
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If €, is the first throw in the B.G. due to this charge, then 


M T C A 
A lo == .0,(1 To —Á—Q (2) 


To eliminate Io and C/(NBA) from Eq.(2), the contact between 1 and 2, and that 
between 3 and 4 are broken. The contact between 1 and 3, and that between 2 and 
4 are made. The resistance r is now included in the primary circuit. As the value 
of ris very small, the steady current Io in the primary circuit is not altered. The 
potential difference across r is Lor. It sends a steady current Ior/R through the B.G. 
If p be the steady deflection corresponding to this current, then 


lor _ _€ j 
R NBA 7 eee wen eccesccccceccceccces (3) 


Dividing Eq.(2) by Eq.(3), we get 
_ TT 0, A 
M = m p (1+3) 
Knowing the time period T and the logarithmic decrement A of the ballistic 
galvanometer, M can be calculated. 


5.17 Coefficient of coupling & Eddy currents 

5.17.1 Coefficient of Coupling 
Consider two coils having self-inductance Lı and L5 and number of turns Ni 
and N2 (Fig 3.30). Li and L2 are the currents flowing through the two coils 





2 





I 
Fig 3.30 
Let pand pz be the magnetic fluxes linked with each turn of coils 1 and 2 


due to their own currents I, and L respectively 
ine selt-inductance of the coils is given by 
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And 


Let @1> be the flux per turn in the coil 1 due to current Iz in coil 2. Similarly, P21 
is flux per turn linked with coil 2 due to current I, in coil 1. 
Then the mutual inductance between them is given by 


M = Pa Ln Hayui ^ie. llet rers (3) 
Ip A 
The whole of the flux from one coil is linked with the other coil. 
Q12 — P2 
and P21 = Pı 
M = mite = T from Egqn.(3) 
2 1 
M? = AUREAS eelv9 temer nce (4) 
I4I2 
From Eq.(1) and Eq. (2) Ly Lg = 22922392 l, la uae sae cee ee tee ee (D) 
1:2 
Hence M? = Lı L> 
Or M xal 5. La] eeraa ERE RUDI (6) 


In practise, however, the condition that whole of the flux from one coil links with 


the other, is not satisfied. This ration ————— is known as the coefficient of 
V GA L2) 


coupling between the coils. It is denoted by k. thus 
M 


y (L1 L2) 
K is a number between O and 1, depending upon the geometry of the coils and 
their relative positions. 


If K = 1( maximum value), there is no leakage of flux 1.e., all the flux produced in 


one coil is linked with the other and = This is the maximum possible value 


of M between the coils of self. Inductances L; and L5. If K = O, there is no 
coupling between the two coils. 


3.17.2 Eddy Currents 

Consider the coil of wire wound on a metal core (Fig 3.31). When an 
as source is used to drive current through the coil, an oscillating flux is set up 
through the metal. Because the flux through the dotted path shown in Fig (a) 
keeps changing, an emf is induced around this path. This induced emf, similar to 
other emf induced throughout the core, causes circular currents within the coil. 
We therefore see that induced currents, called eddy currents, flow in metal objects 
subjected to a changing magnetic field. 
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Fig 3.32 

Eddy currents cause unwanted heating in transformers, motors and generators. 
To eliminated eddy currents, the metal cores of these devices are laminated. That 
is the core is split into thin slices insulated from each other (Fig 3.32). Because 
of the insulation barriers, current can no longer flow around paths such as the 
dotted circle shown in Fig (3.32). As a result unwanted heating of the metal is 
greatly reduced. 

lhe production of eddy currents can be demonstrated using the 
apparatus shown in fig (3.32). A copper disc A is made to oscillate between the 
poles of an electromagnet. Initially, with the electromagnet switched off, the disc 
A is set into oscillations. The pendulum executes a large number of oscillations 
before stopping. Now if the electromagnet is switched on, the oscillating disc is 
brought to rest in a few oscillations. This is due to the eddy currents produced in 
the disc. The energy required for their production is taken from the oscillation. If 
the disc A 1s replaced by a slotted disc, C the eddy currents are reduced. Hence 
the disc C takes a longer time to come to rest when the magnetic field is switched 
on. 
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3.17.3 Uses of Eddy Currents 


(1) In aperiodic galvanometers,the coil is wound on a metal frame. When 
oscillating between the pole pieces of the magnet, the eddy currents 
induced in the frame damp these oscillations. Hence the coil comes to rest 
quickly. 

(2) If a rotating magnetic field is applied to a lightly mounted metal disc, the 
eddy currents set up in the disc make the disc rotate in the direction which 
tends to prevent the change in flux. This is the principle of the induction 
motor. 

(3) The induction furnace uses eddy currents to produce heat in metallic 
objects. In recent years induction heating has been used in industry to heat 
metals. The specimen is placed in a magnetic field of frequency about a 
few mega hertz. This process has also been used to prepare some of the 
alloys by melting the constituents in vacuum. 

(4) Eddy currents can be used to produce a braking effect in moving vehicles. 
A metallic drum is attached to the axle of the moving train. When a 
magnetic field is suddenly applied to the rotating drum, eddy currents are 
produced. This tends to oppose the rotation and leads to a braking effect. 


3.18 Summary 
(Let us Sum up) 

e Maxwell's cork screw Rule:If a right handed screw is turned to advance 
along the conductor in the direction of the current, the direction of rotation 
of the screw gives the direction of the lines of force. 

e Right hand clasp Rule: Clasp the conductor in the right hand with the 
thumb pointing in the direction of the current. Then the direction of bend 
of the rest of the fingers gives the direction of the magnetic lines of force. 

e The magnitude of the magnetic induction at a point is the ratio of the force 
on a moving charge at that point and the product of the charge and 
component of its velocity along a direction normal to the induction. 

e  Biot-Savarts Law: 

i (dI sin8B 
4B - (22) 9 
e Magnetic Field at the centre of a Circular Coil Carrying Current: 
|». iugi 
~ 2r 
e Ampere's Law: The line integral $ B.dI for a closed curve is equal to 


Uotimes the net current i through the area bounded by the curve. That 
is,$ B.dI = moi 
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e Principle of Moving Coil Ballistic Galvanometer: When a current is passed 
though a coil, suspended freely in a magnetic field, it experiences a force in a 
direction given by Fleming’s left hand rule. 


e Ballistic reduction factor (K) = (= "a 


NBA 


3.19 Unit - end exercises 


dE di od T 


Define Ampere's Swimming Rule 

Define magnetic induction 

Define Magnetic flux 

State and Explain Biot and Savart's law 

Obtain an expression for the field at the centre of a current carrying 
circular coil. 

Derive an expression for magnetic field inside a solenoid carrying 
current 

Derive an expression for the force on a current carrying element placed 
in a uniform magnetic field 

Derive an expression for the torque acting on a current carrying loop in 
a magnetic field. 

Explain damping correction for a ballistic galvanometers 


. Described the damping correction in a B.G 

. Distinguish between ballistic and an aperiodic galvanometer 

. What are eddy currents? Mention any two of its applications. 

. Describe the Rayleigh's method of determining the self inductance of a 


coil with theory. 


. Give the theory of moving coil Ballistic galvanometer. How is the 


damping correction made? 


. Obtain the theory of a moving coil Ballistic galvanometer with 


damping correction, 


3.20 Froblems for discussions 


l. 


A circular coil has a radius of 0.1m and a number of turns of 50. Calculate 
the magnetic induction at a point (1) on the axis of the coil and distance 0.2 
m from the centre; (11) at the centre of the coil, when a current of 0.1 A 
flows in it. 


In the Bohr model of the hydrogen atom, the electron circulates around 
the nucleus in a path of radius 5.29 X 107! m ata frequency of 6.58 X 10” 


Hz. 


Find the magnitude of the magnetic induction at the centre of the 


orbit. What is its dipole moment? 
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The current sensitivity of a ballistic galvanometer is 2.2 x 10? amperes for 
a deflection of 1 mm ona scale kept at a distance of 1 metre. Calculate the 
charge sensitivity of the galvanometer if time period of the coil is 6.2 
seconds. 

A solenoid having an air core and 10 cm long has 100 turns and its area of 
cross-section is 5sq.cm. Find the co-efficient of self-inductance of the 
solenoid. 

Calculate the self-inductance of a solenoid having 1000 turns and length 1 
m. The area of cross-section is 7cm^ and the relative permeability of the 
core is 1000. 

In the Bohr model of the hydrogen atom, the electron circulates around the 
nucleus in a path of radius 5.29 x 10`! m at a frequency of 6.58 x 10” Hz. 
Find the magnetic induction at the centre of the orbit. What is its dipole 
moment? 


3.21 Answer to check your progress & Problems for discussions 


Answer to check your progress: 


1. 


Ans: 
p 2V2Hoi _ 2/2 X (4n X 1077)X 1 


Aa —7 —2 
i T — 8V2 X 107" Wb m ?. 


Ans: 


The pair F and v, and F and B are always at right angles. Vectors 
V and B may have any angles between them. 


Ans: 

Both are inverse square laws. In Coulomb's law electrical force 
acts along r on stationary charge. In Biot-Savart law, magnetic force acts 
perpendicular to r. 


Ans: 
T (Charge Sensitivity T 
2n tem sensitivity 2n ) 
Ans : 
1. It measure steady 1. It measures charge 
current 2. The throw measures the 
2. The steady deflection charge 


measures the current. . The coil is wound on a 





107 

















frame to 





non-metallic 
reduce electromagnetic 


The coil is wound on a 
metal frame to increase 
electromagnetic 
damping 

4. The coil is non- 
oscillatory due to large 
damping 

5. The coil rotates due to 

constant torque. 








damping 
4. The coil is oscillatory due 
to small damping 
5. The momentary passage 
of charge causes impulse 
on the coil. The torque 1s 
zero when the coil rotates. 










6. Ans: 
As described by the magnetic moment u is given by 
u = NIA = (10)(3.0 A )z (0.050m)^ 
= 0.24 Am’ 


The magnitude of the torque needed to hold the new orientation is given 
by 
t = u Bsin 0 = (0.24 Am^?)(0.010T) (sin 90°) 
= 2.4 X 10 ^ Nm. 


Answers to Problems for discussions: 


JI. Solution. 


1) Here , a= 0.1m , N=50, x =0.2 andi=0.1 A.B=? 
Nia” 4a X 1077)X 50 X 0.1 X (0.1. )* 
Bus RAND = eee — 2 81X10-°T 
2(a^ + x^)2 2[(0.1)^ + (0.2)5^1]2 
1) At the centre. 


J| HoNi (4r X 1077)X 50X 0.1 


- -5 
24 2X01 3.14 X 10 °T 


B 


2. Solution. Current = charge / time = ev 


Where e is the electronic and v is the frequency of revolution. 
i = ev = (1.602 x 10^) (6.58 x 10? ) = 1.054 x 10° A 


Magnetic induction at the centre of the orbit is 


letA = zra^be the area of the current loop. Then 
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M = Ai is called the magnetic dipole moment of the current loop. 


M = Ai = ma? i=7(5.29 x 10 11)?( 1.50 x1073) 
= 9.266 107^ Am? 


3. Solution Charge sensitivity — — x currnet sensitivity 
= >> x (2. 0-? 
SELEY tae 39 7g 
Coulombs 
= 2.17 x 107? ——————-—. 
mm 
4. Solution. Here /= 10cm = 0.2m. N= 100, A = 5 sq.cm = 5 X 10% m7” 
N^A 
L — M 
4. 1077)(100x 100)(5 x 10 * 
umm E twists 
0.1 
5. Solution. Here / = 1m, N=1000, A — 7 X 10 ^m^, u,= 1000 
N*A 1000 X (4 1077)(1000)^(7x10"* 
L = term = ee ee eee a i X ) ( ) = 0.88 henry 
l 1 
6. Solution. Current — Charge / time — ev 


Where e 1s the electronic charge and v is the frequency of revolution. 


i=ev= (1.602 x 107^) (6.58 x 107) = 1.054 x 10^ A 

magnetic induction at the centre of the orbit is 
a- Hoi |» (4m x 1077x (1.054 x10 5) 

2a 2x (5.29 x 10711) 

Let A = za^ be the area of the current loop. then 

M = Ai is called the magnetic dipole moment of the current loop 

M = Ai = mati = mz (5.29 x 10711)? (1.054 x10 ^?) 

=9.266 10” Am’. 


= 12.52 T 


3.22 Suggested Readings 


1. 


25 
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Hill 
Electricity and Magnetism - Dr.K.K.Téwari S.Chand & Co,2002. 
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Revised Edition 
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4.1 Introduction 

Transient phenomena are phenomena that exist only for a short while and are 
not simple periodic functions of time. The different parts of the circuit invariably 
have some resistance, capacitance and inductance associated with them. When 
the switch is put on, the current starts flowing steadily, there lies a transient phase 
in which the current is building up. The resistance retards the flow of current, the 
capacitances take their own time in charging up to their equilibrium potentials and 
inductances act like inertia and develop back emf’s which retard the forward flow 
of current. Thus depending upon the values of R, L and C in the circuit, there will 
be a transient phase of some duration during which the current will build up. 

Based on the phenomenon of electromagnetic induction, a dynamo is used to 
generate alternating currents. Practically all transmission of electrical power 1s 
now achieved using alternating currents. The theory of Wheatstone bridge using 
dc currents and use of Kirchhoff's laws for analyzing dc circuits are extended to 
ac bridges. 


4.2 Objectives 

After studying this unit, you will be able to 

e compute the growth and decay of current in LR, CR and LCR series 
circuit. 

determine the high resistance by leakage 

define mean and RMS value of alternating current 

e know about the effect of AC applied to LR and CR circuit 


e explain the theory of series and parallel resonance circuit 
e. explain power in an AC circuits 

a define wattles current and Q — factor 

e explain choke and skin effect and 

e describe the AC bridges 


4.3 Growth and decay of current in LR circuit 
4.3.1 Growth of current in a circuit containing L and R. 

Consider a circuit having an inductance L and a resistance R connected in 
series to cell of steady emf E (Fig.4.1). When the key K is pressed, there is a 
gradual growth of current in the circuit from zero to maximum value Io. Let I be 
the instantaneous current at any instant. 


FT £ 





E——————— 


a 


E Fg4i K 
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Then, the induced, back emf € = oe 





dT 
E = RI + ps5 
dT (1) 
When the current reaches the maximum value Io, the back emf, 
p dL 
dT 
Hence, E-RIL (2) 
Substituting this value for E in Eq. (1), 
dl dl 
RI, 5 RI + L— or RU, —1)- L— 
dT dT 
Or zl = A d 
I.I L 


—log(, — I) amend 
Integrating, L (3) 


Here C is the constant of integration. 
When t = 0, I = 0; - loge Io = C 
Substituting this value of C in Eq. (3), 


-logQ, - 7) =r log, I, (or) — log, (1, — I) — log, I, --— 


Q,-D di i : Lu) 


I - I, i-e » 


Eq. (4) gives the value of the instantaneous current in the LR circuit. 
The quantity (L/R) is called the time constant of the circuit. If 


* =f. 1 = Id-e™) = A E = 0.6321, 
R e 


Thus, the time constant L/R of an L-R circuit is the time taken by the 
current to grow from zero to 0.632 times the steady maximum value of current in 
the circuit. 
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Current l.— et | 


‘Time ( milliseconds ) 


Fig.4.2 


Similarly, when t = 2L/R, 3L/R...... the value of current will be 0.8647, 0.9502..., 
of the final maximum current. 


When t = 0, I = 0O and 
[ — oo 
When Ez. 


Greater the value of L/R, longer is the time taken by the current I to reach its 
maximum value (Fig.4.2) 

Il; -E/R 
4.3.2 Decay of current in a circuit containing L and R 


When the circuit is broken, an induced emf equal to m. is again 


produced in the inductance L and it slows down the rate of decay of the current. 


The current in the circuit decays from the maximum value Io to zero. During the 
decay, let I be the current at time t. In this case E — O. 


‘The emf equation for the decay of current is 


O= RI + RE 
dT (1) 
dI — Ro 
I L 


R 
log, 7 =—-—t +C 
Integrating L Where C is a constant 


When t = 0, I = Ib; log. I, = C 


R I R 
log, 7 = ——t log. 7, or lo — [2——t 
"i L Be to s: | L 


o 
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(2) 


Eq. (2) represents the current at any instant t during decay. 


"e 


I, aeetea nudes saeenae 






< 


T Current 





— f 


Fig.4.3 


A graph between current and time is shown in Fig.4.3. 


=¢4, I=L e` eg T dk 
€ 


o o 


When 


= =z, I = 1 e” =0.05/, 


Therefore, the time constant L/R of a R-L circuit may be defined as the 
time in which the current in the circuit falls to (1/e) of its maximum value when 
external source of emf is removed. 

The rate of decay of current is 


d — R, (t) Ry 
L 


dT L 
Thus it is clear that greater the ratio R/L, or smaller the time constant L/R, the 


more rapidly does he current die away (Fig.4.4) 


Oc 
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Fig.4.5 


Fig.4.5 shows that the growth and decay curves are complementary. 


Check your progress 


1. Define the time constant L/R of a L-R circuit. 

2. Write the equations for decay of current in a circuit containing L and R. 

3. With reason state which of the following sets is suitable for obtaining rapid 
growth and decay of current in L-R circuit: I set: L = 1 mH, R = 1000 Q; 

IL set: L=10 mH, R=10 Q. 


m o aÀ— A ge ee se ee ee ee GP ee ee mmn anim ee eee QA CARA pam umo GO um ee ee eee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee auum ee onum eee eee eee a ee ees ee ee ee ees ees ee ee ees eee es ums es ee es ee ee ee ee AO 
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4.4 Growth and decay of charge in CR circuit 
4.4.1. Growth of Charge 

A capacitor C and a resistance R are connected to a cell of emf E through a 
Morse key K (Fig. 4.6). When the key is pressed, a momentary current I flows 
through R. At any instant t, let Q be the charge on the capacitor of capacitance C 





E Fig.4.6 


P.D. across capacitor = Q/C 

P.D. across resistor = RI 

The emf equation of the circuit 1s 

E = (Q/C) + RI (1) 

E = (Q/C) + R (dQ/dt) I = dQ/dt 

The capacitor continues getting charged till it attains the maximum charge 

Qo. At that instant I = dQ/dt = O. 

The P.D. across the capacitor is E = QC. 


i.e., when Q = Qo, È = O and E = 39 


.Qo Q dQ 
= ae 





( dQ dt 
Qo-2 CR 


Integrating, - loge (Qo — Q) = — +K 
Where K is a constant. 
Whent=0,Q=0 ..-log.Qo-k 
- loge(Qo — Q) = = - loge Qo 
loge(Qo — Q) = - — + loge Qo 
loge(Qo — Q) - logeQo = - x 
ve (852) = 


t t 
22) =e e ail- ee E 
Qo Qo 
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Q=Qo(1-e “ER ) 
The term CR is called time constant of the circuit. 
At the end of time t = CR, Q = Qo (1 — e€”) = 0.632 Qo. 
Thus, the time constant may be defined as the time taken by the capacitor to get 
charged to 0.632 times its maximum value. 





x HE 
^ SP BRR Ee FP KE ~ ee ed Sm w+ mom 


4 
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charge 


Time ——*- 
Fig.4.7 





The growth of charge is shown in Fig. 4.7. 


dQ Qo, tt _ 
dt  CR* oa eee Q) 


Thus it is seen that smaller the product CR, the more rapidly does the 
charge grow on the capacitor. 


The rate of growth of the charge is rapid in the beginning and it becomes 
less and less as the charge approaches nearer and nearer the steady value. 


4.4.2. Decay of charge: (Discharging of C through R) 
Let the capacitor having charge Qo be now discharged by releasing the 


Morse key K (Fig. 4.6). The charge flows out of the capacitor and this constitutes 
a current. In this case E = 0. 


OO jo 2 
mte — M (1) 
dQ 81 

Or E cg at 


Integrating, log.Q = - = + K, where K is constant 
When t = 0, Q = Qo; ~. logeQo = k 


logeQ E ue — + logeQo 


Q t Q -YCR 
Or loge = En TP 


Ao Lo 0 0 eer errr re (2) 
This shows that the charge in the capacitor decays exponentially and becomes 
zero after infinite interval of time. (Fig. 4.7). 
The rate of discharge is 
t 
Poot = Sy eO Q 


a ere ee 3 
dt CR CR (3) 


Thus. smaller the time constant CR, the quicker is the discharge of the capacitor. 
In Eq. (2), if we put t= CR, then Q = Qoe = 0.368 Qo 

Hence time constant may also be defined as the time taken by the current to fall 
from maximum to 0.368 of its maximum value. 


| Check your progress 
| 4, Define time constant of a CR circuit. 
aW e——————————————— 


4.5 Growth and decay of charge in a circuit with L, C and R in series 
4.3.1. Growth of charge in a circuit with L, C and R in series 


L C FI 


amen 
E K 
Fig 4.8 
Consider a circuit containing an inductance L, capacitance C and 

resistance R joined in series to a cell of emf E (Fig. 4.8). When the key K is 
oressed. the capacitor is charged. Let Q be the charge on the capacitor and I the 
current in the circuit at an instant t during charging. Then, the p.d across the 
capacitor is Q / C and the self-induced emf in the inductance coil is L (dI/dt), both 
being opposite to the direction of E. The P.D. across the resistance R is RI. 
The equation of emf's 1s 





dI Q 
L— +RI+ l a E E E E T TEN (1) 
d di d? 
But l= and  — 2 
t dt dt 
d^Q dQ Q 
dt? tR T2" 
d^Q RdQ | (Q-CE) _ 
Or dt? ^ Lat’ iC Q 
. R 1 
Putting - cce and - — — K^, we have 
4 d 
242 o. = + e (5 fM eic Dr ae (2) 
dx dQ ?x dQ 
Let x = (Q — i then rim a and =~ uu 
E Y d^x E ae ce 
Ea. (2) becomes, zd 2p 4 zi ~ Kx =O. eee cc ecceccecceuee. (3) 


Hence the most general solution of Eq. (3) is 

x= Ae Pt VOR 4 pelt- VO E5] 

Now, CE = Qo = final steady charge on the capacitor. 
"X-Q—-CE-Q-Qs 

Hence Q — Qo = Ael-?* VOOR NE a. Bel-?- V (b^ -k*)Jt 


Or Q 2 Qo + Ael P+O]: 4 ger- Ve?-e»]E — oss (4 
Using initial conditions: 
Att=0,Q=0 
“. 0 = Qo + (A+B) or A +B=-Qo  ........ (5) 
—b+ |e? -i?)| —b— |e? i25 
Or 29 _ Nn 2n p, [-- fare t 
Att20,99 20 
dt 


0=A|—b + /? —k2)| + B|-b — (b? — k?)| 
J/ (5? — k?) [A- B] = b (A+B) = - bQo 


—8À C M 
Or A—B= GERE ee (6) 
Solving Eqs. (5) and (6), 
1 b 
A= —75Qo E Cm RE (7) 
—-— INS AM 
B--iQ-ou0eee (8) 


Substituting the values of A and B in Eq.(4), we have 


= 0, —ig,.e-bt | eV G?—k?5t ( - a) JOTE: M c 
Q = Qo > Qoe (1): «( 1 TRES e Jr 
Case I: If b^» k^, J (b? — k?) is real. The charge on the capacitor grows 


exponentially with time and attains the maximum value Qo asymptotically (curve 
1 of Fig. 4.9). The charge is known as over damped or dead beat. 


Damped 
2. 3 = oscillatory 


o Pf 





Fig.4.9 
Case II: If b^ = k? the charge rises to the maximum value Qo in a short time 
(curve 2 of Fig.4.9). Such a charge is called critically damped. 
Case III: If b*<k’, JJ (b? — k?) is imaginary. 
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Let J/ (b? — k?) = io where i = V—1 and w= y (b? — k?) 
Eq.(9) may be written as 
Q == Q 0 e Pt [E +=) plot ER (1 - =.) "EU 
oo iw iw 
icot ae e t b etwt LL e it 
m 


Q = Qo — Qoe = + i 


b 
Q = Qo — Ose" (coswt T — sinwt) 








Q = Qo | — M (wcos@mt + bsinest) 
Let © =k sin «c and b =k cose so that tan œ = @/b. 
Q = Qo ja “ee (ksin x coswt + kcos « sinat) 
Or 
Q-Q,[1-E— (sintoteop] esse (10) 





EE fd 
et [ow 
Q = Qo dll c omm pial LC ale C+ 

LC 4L2 
This equation represents a damped oscillatory charge as shown by the curve (3). 
The charge oscillates above and below Qo till it finally settles down to Qo value. 
The frequency of oscillation in the circuit is given by 

QD v k^ — b^ 1 1 R* 


Ae 21t 2m.| LC AI? 
1 
When R = 0, v= 7—— 


4.5.2 Discharge of a capacitor through a L and R in series (Decay of charge in 
LCR circuit) 


K} 


Fig.4.10 
Consider a circuit containing a capacitor of capacitance C, an inductance L 
and resistance R joined in series (Fig. 4.10). E is a cell. Ko is kept open. The 
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capacitor is charged to maximum charge Qo by closing the key Kı. On opening 
K; and closing key K3, the capacitor discharges through the inductance L and 
resistance R. Let I be the current in the circuit and Q be the charge in the 
capacitor at any instant during discharge. The circuit equation then is 


dI Q 
Laz + RI+ž=0 








d^Q RdQ Q 
dt? L dt LC 


Let me 2b and T" k^, then 
L LC 


d? Q dQ P 
— bg Q0 osse (2) 


The general solution of this equation 1s 


Q = Ael ?* Ye?-k»|r 4 ge|-b- N ERD su (3) 


Where A and B are arbitrary constants. 
When t = 0, Q = Qo from Eq. (3) 
A+B = Qo ————— E EEEE EET (4) 


cc A |—b +  (b* — k?)| el-** /&-k»e 
+ B[—b — (b? — k?) el *- V@?=k)Ie 








at 
A|-b + / à? — k?)| + B|-» — (b? — k?)| = 0 
—b(A+ B)+./(b2 —k2)(A— B) = O 
—bQ, + V(b? — k2)(A — B) = 0 
ey ———— (5) 


From Eqs. (4) and (5), 


— i ER = ae TN 
A= : Qo |: F xU and B I Qo | | 
Putting the values of A and B in Eq. (3), we get 


ae —bt AN o (b? —k?) D \o-vb?-k?)t 
inl ai (Ctm). «(C TB) ¢ jJ m 


Case I: If b^» k^, J/ (b? — k?) is real and positive and the charge of the capacitor 
decays exponentially, becoming zero asymptotically (curve 1 of Fig. 4.11). The 
discharge is known as over damped, non-oscillatory or dead beat. 
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Qo 


[d ud 
-— 4 onu S4 um E CUP Cum UD (OR Em cU VA Uu m emp cb usd we up um S 


Ó 


assaia 
Charge on capacitor 





Fig. 4.11 
Case H: If b? =k” , Q= Qo (1+bte™ 
This represents a non — oscillatory discharge. This discharge is known as 


critically damped (curve 2 of Fig. 4.11). The charge decreases to zero 
exponentially in a short time. 
Case III: If b*<k’, J/ (D? — k?) is imaginary. 


(b^ — k?) — io where © = ,/ (k2 — b?) 


1 b b l 
Lu nz —bt zit Læt EA —twt 
Q = 5 oe |a T a) "Um (1 5) E | 


Q _ Q m" glwt Lect Pb e iot — e-iot 
x 2 Ww 2i 


Qoe Pt 
= —— (wcoswt + bsinwt) 


Let (o =k sin c and b= k cos« so that tan «= =. 


Qoe Pk 
Q = — — —— (coswt sin x +cos X sinwt) 
w 


—bt 
Q = E MEE (sin (wt+«) 


R 
= Qoe 2L. P 1 LL R2 
Q = EE (= 42 +e) T (7) 


LC 4L2 
This equation represents a damped oscillatory charge as shown by the curve (3). 
The charge oscillates above and below zero till it finally settles down to zero 
value. 
Ihe frequency of oscillation in the circuit is given by 


O a Vka =b? 1 1 R? 


2n 2m 2z ILC AL? 


1 


When R = 0, v= = 


The condition for oscillatory discharge is 
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RE R<2 i 
a ^ 1c; | C 


4.6 Determination of High Resistance by Leakage (B.G) 
When a capacitor of capacitance C and initial charge Qo is allowed to 


discharge through a resistance R for a time t, the charge remaining on the 
capacitor is given by 





Q-Qoe "E 
r1 — QUCR 
Qo t 
loge Q CR 
Fig.4.12 
t t 


~ Cloge(Qo/Q)  2.3026C l0g10(Qo/Q) 
If R is high, CR will be high and the rate of discharge of capacitor will be very 
slow. Thus, if we determine Qo / Q from experiment, then R can be calculated. 
Connections are made as shown in Fig. 4.12. C is a capacitor of known 
capacitance, R is the high resistance to be measured, B.G is a ballistic 
galvanometer, E is a cell, and Kj, K2, K; are tap keys. 


Keeping K» and K; open, the capacitor is charged by depres sing the key 
Kı. Kı is then opened and at once K3 is closed. The capacitor discharges through 
the galvanometer which records a throw 0o. The throw Oo is proportional to Qo. 

The capacitor is again charged to the maximum value keeping Kz and K; 
open and ‘closing Kı. Ki is then opened and Kz is closed for a known time, t. 
Some of the charge leaks through R. K» is opened and at once K3 is closed. The 
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charge Q remaining on the capacitor then discharges through the galvanometer. 
The resulting throw O0 is noted. Then Q «6 


Qo _ 2o 
Now, o 


: R E 2.3026C log19(89/9) 


A series of values of t and O are obtained. A graph is plotted between t and 
t 


log1o(8o / 9) which is a straight line. Its slope gives the mean value of logie (09/85 


As C is known, the value of R can be calculated. 


4.7 Mean and RMS value of Alternating current 
Alternating current 

An alternating current is one which changes in magnitude and direction 
periodically. 

The source of alternating emf may be a dynamo or an electronic oscillator. 
The alternating emf E at any instant may be expressed as 

E = Eo Sin Gt ........................ (1) 
Here, œ is angular frequency of alternating e.m f. 
Eo is the peak value or amplitude of alternating e.m.f. 


Ihe frequency of alternating e.m.f.f — oe 


2 Tt 


Time period of alternating e.m.f. T — : — = 





Fig.4.13 

A graph of E against ot is a sine curve (Fig. 4.13) 
The corresponding current I through the circuit is given by 
I = Io sina@t 

The alternating current in a circuit, fed by an alternating source of e.m-f. 
may be controlled by inductance L, resistance R and capacitance C. Due to 
presence of elements L and C, the current is not necessarily in phase with the 
applied e.m.f. Therefore alternating current is, in general, expressed as 

I= io sin (œt + Ọ)  ...................... (2) 

Here $ is the phase which may be positive, zero or negative depending on 
the value of reactive components L and C. 
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Peak value of alternating current or emf: The maximum value of alternating 


current or emf in the positive or negative direction is called peak value of 
alternating current or emf. It is denoted by 1o or Eo. 


Mean value of alternating current: Mean value of alternating current is defined 
as its average over half a cycle. 


T 7t 
f2Zidt | fg Iosinctdt 


Imean m T TC 
2 cO 
low [—coswt] n/w 

~ m | QD | 0 


lo 
— — [cos m — cos O] 
Tt 


Zlo 
= — — 0.637 lo 
TT 


Similarly, Emean= = 0.637 Eo 


Root mean square value of an alternating current:It is defined as the square 
root of the average of I during a complete cycle. 


27 /« 27: /0) : 
Jo idt J, lé sin? wt dt 











]? = = 
21 / c0 21 / e 
2 2 Tt / 00 
= 22 1 P (1 — cos2wt)dt 
— Ig@ |e sin -~ 
ATt 20 jo 
X Igwyp2ny _ ló 
= An 5] E 2 
lms = VEI? = Jo = 0.707 I 
rms V2 : 0 
Similarly, Ems = = = 0.707 Eg 


The r.m.s. value of alternating current is also called as the ‘effective’ or the 
‘virtual’ value of the current. 
lo 
lyirtual = J2 = Irms 


The r.m.s. value of alternating voltage is also called as the effective or the virtual 
value of the voltage. 


E 
Evirtual = — = Ems 
V2 
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Mean or average value of A.C voltage fora half cycle: 
The alternating e.m.f. is represented as, 
Eo = Eo sin at. 
Mean value of alternating e.m.f. over one half A is, 
f Eo sin wt dt — cos ct]? 7? 
fr’ ? dt T 3 2 = 


|.2E9 T | ea g^ 
"T "2n| AT 


=% 





Eav = 
Qo 





= =o — cos zt + cos 0] 
2 Eg 
“Eav — —R— 


R.M.S. value of alternating voltage 
The R.M.S. value of an alternating e.m.f. is defined as that constant direct 


e.m.f. which when applied to a resistor will develop the same heat energy in it as 
the given alternating e.m.f. during the same interval of time. 
The root mean square (r.m.s.) value of an alternating e.m.f. is the square root of 
the mean of the squares of the emf taken during one cycle. 
Instantaneous value of the e.m.f. is 
E= Eo sin Cot. 
Mean square value 
T l 
f; Eo sin?wtdt 1(T ,. 
-2 -z] E sin? wt dt 
So dt T Jo 


T 
| Eo“ sin zotat =f 3 — (1 — cos 2 wt)dt 
0 o 


=| ġja- 


sf cos 2 wt dt 

"T n 1[sin 2ot]^ 
= z to "4m 2c Erg 

T 

2 

Mean square value 

1 T Eg 
-TXEXxY-3 


. R.M.S. value = Eo / V2 
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Check your progress 


5. Define peak value of an alternating current. 





4.8 Alternating current applied to LR and CR circuits 
4.8.1 A.C. applied to LR (in series) circuits 
Let an alternating emf 
E Eo eie 
be applied to a circuit having an inductance L and non — inductive resistance R in 
series (Fig. 4.14). 





The potential drop across the inductance is 
VL= joLi 
The potential drop across resistance is 
Vg — RI 
Here, I is the current at any instant t. 
^. E=j@oLi+ RI 
Current in the circuit, 





Impedance of R — L circuit, 
LRL sesvereccesecaseces (3) 


Eg eJ^?t wL 
= (where tan @ = —) 
V (R? + w?L2)el? R 
EEE a ee 
J CR? +w2 L2) 
ahe OA RA (5) 
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ac — —AnteurOTHh (6) 


Here, /g = VG 


It represents the peak value of the current through the circuit. 
The impedance Z of the circuit is given by the term y (R? + wł L4) 


The current lags in phase behind the emf by an angle 0 = tan"! 2 





E = E, sin on 


"ee T= lS sin (ox - 0) 
` 






Fig. 4.15 
The variation of instantaneous values of emf and current with time are represented 


graphically in Fig. 4.15. 


4.8.2 A.C. applied to CR (in series) circuits 
Let an alternating voltage E = Ege! be applied to a circuit containing a 


resistance R and capacitor C in series (Fig. 4.16). 





Let I be the current through the circuit and q, the charge on the plates of 


the capacitor at any instant. Then, 


I(R+ sz) = E = Ege/^t (1) 


But] = = itn: oF 
.. Impedance of series R — C circuit, 
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Pe ccm ue 
Joc wC 
E Eg eJo* 
— —ÁÁ ——— (4) 
R-se | [(R2 +522) |e? 
Here, @ = tan"! (2) EM (5) 
— Fo  .oJ(otT0) 
I = aoe | NN (6) 


E = E, sin ox 





Fig.4.17 
The current in this circuit thus leads the applied voltage by an angle 9 (Fig. 4.17). 
The impedance of R — C circuit Z = J(R? + (1/wC)*}. 
The actual current in the circuit is I = Io sin(@t+98) 


4.9 AC circuit containing resistance, inductance and capacitance in series 
(Series resonance circuit) 





Fig.4.18 
Let an alternating emf E-Eosinot be applied to a circuit containing a 
resistance R, inductance L and capacitance C in series (Fig. 4.18). Let at any 
instant, I be the current in the circuit and Q be the charge on the capacitor. 
The potential drop across the resistance = RI 


The E.M.F. induced in the inductance =L m 
The potential across the plates of the capacitor = Q/C 


L 2d + RI + e Eo Si t 
ETA — = Ep Sİ 
dt p w—— 
M Bien respect to t, 
1 dQ 
L5 e RE - 27 = Eg« cos wt — aes (1) 


Let the trial solution be of the form 
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I—losin(Ot-D  . | |  ....... (2) 
Here, Ip and 6 are constants to be determined. 


dI 
= low cos(wt — 0) 
And 
d^I "M 
du —Ig«c»* sin(wt — 0) 
2 
Substituting these values of 1, m and—, in Eq. (1) we get 
Í 
—Llg sin (wt — à) + Rlg œ cos(wt — ø) + 7 sin(wt — $) = Ego cos wt 
Or 


1 
(—Lw? + =) Ig sin(wt — ø) + Rog cos(wt — 9) 
= Egw[cos(wt — ø) + ø| 
= Egw[cos(wt — à) cos ó — sin(wt — ø) sin ø] 
Equating the coefficients of sin (œt -@) and cos (ot -) on either side, 


(—Lw? + =) lo = —Ego sin ø ....... (3) 
And ROI, =Eop@cos®  .  .............. (4) 
_ (-Lw?4+5 woL——— 
tan $ = "ym 2S 2" biam (5) 


1 2 
Po |(-ra? +2) ena] = nta 


2 
Or I (Re Lo- | = Eo’ 
C 
Eo» =e 
1 2 
(1-2) em 
Co 
— M (6) 
Substituting the value of I, in Eq. (2), we get 
E 
I = —dR—— SiN A — 6$) 


Eq. (7) represents the current at any instant. 
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2 
La ——— ed. : 
The quantity ( d cz) Mi | is the impedance Z of the circuit. Lo and 1/o@C 


respectively represent inductive reactance Xj, and capacitive reactance Xc. 
Z=VJ([R* + (X, — Xc)*] 


The current lags in phase behind emf by an angle 


The following three cases arise: 


1. When X;»Xc, ® is positive, so that the current lags behind the applied 
emf. 


2. When X;» Xc, ® is negative, so that the current leads the applied emf. 


3. When X;» Xc, ® = 0, and the current is in phase with the emf. 
Series Resonance Circuit 
The value of current at any instant in a series LCR circuit is given by 


|. eT t NETS — (1) 
2 
(imd) zd 
Co 
Here, (20 1 J +n |= 
C o 
is called the impedance of the circuit. 
At a particular frequency, œL = — , the impedance becomes minimum. It is 


given by Z = R. This particular frequency voat which the impedance of the circuit 
becomes minimum and, therefore the current becomes maximum, is called the 
resonant frequency of the circuit.Such a circuit which admits maximum current is 
called series resonance circuit. 


Thus at vo, we have 
1 1 1 
= — = —— or va =— 
wL we’ Or 2zvoL 21voC 0  2nVLC 
The maximum current in the circuit = I, = E,/R 
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( R low) 


aA. CR high) 


Current | ^—* 


b T T PT beue - ae up em do deo ai am m m 


< 
|o 


Frequency Vv —* 
Fig.4.19 


The variation of current with frequency of applied voltage is shown in 
Fig.4.19. The sharpness of peak depends upon the resistance R of the circuit. For 
low resistance, the peak 1s sharp. 


Acceptor Circuit: The series resonance circuit is often called an 


‘acceptor’ circuit. By offering minimum impedance to currents at the resonant 
frequency, it is able to select or accept most readily the current of this one 
frequency from among those of many frequencies. 

In radio receivers, the resonant frequency of the circuit is tuned (by 
changing C) to the frequency of the signal desired to be detected. 


10 AC circuit containing resistance, inductance and capacitance in Parallel 
(Parallel resonance circuit) 


Farallel Resonance Circuit 


L R 
ME Sm eme ino 
rr 
——— —(^J) 
Fig. 4.20 


Here, capacitor C is connected in parallel to the series combination of 
resistance R and inductance L. The combination is connected across the AC 


source (Fig.4.20) . The applied voltage is sinusoidal, represented by 
E Eo eot 


Complex impedance of L — branch 
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2, =R 4 jLo 
Complex impedance of C — branch 
1 

2= oC 

Z and Z2 are in parallel 

1 1 1 1 

Z R+jOL 1/joC R+jøæL 
R; | 

(R+ joL)x(R — joL) 


JOC 


Lao 
mica uat E S UU AD uc AURI 
R^ +(LoO) R^ + (LO) 
The current 
E 1 


]u———ExXx— 
Z Z 


I ZU E jo s | 
R? + (LÆ) R^ + (Lo) 


Let 

R : Lo 
X >> Asin @ = OC ——,————;r 
R^ + (LO) KR + (LÆ) 


{= E(A COS H + JA sin D) = EAe? = EoAe/ 9? 


A cos ø = 


2 = R +| Co- ad i 
R*+(Pa@) R +ECO Y 
The magnitude of the admittance 
| XR +(@CR’? e a?C —oLy 
pto IEEE CIE NM NEC 
Z R +ECO 
The admittance will be minimum, when 
CR +o L C-oL = 0 


Or 


1 |1 R? 
vo = 2x |LC  L? 


This is the resonant frequency of the circuit. 


> 


— 





1 
is negligible compared to —— 


If R 1s very small so that 72 LC 


|. 1 1 ' 
Yo = zn LC 


At a minimum admittance, i.e., maximum impedance, the circuit current is 
minimum. 
The graph between current and frequency is shown in Fig.4.21. 





Current 7 —* 


Frequency V —- 
Impedance at resonance 


|. R^ c (Loy 
R 


Z 


L 
But R*+(Lo)’ = D at resonance. 


Za 
C 
Thus smaller the resistance R, larger is the impedance. 


If R is negiigible, the impedance is infinite at resonance. 


Heiector Circuit 

Ihe parallel resonant circuit does not allow the current of the same 
frequency as the natural frequency of the circuit. Thus it can be used to suppress 
the current of this particular frequency out of currents of many other frequencies. 
Hence this circuit is known as a ‘rejector’ or ‘filter’ circuit. 
Comparison between Series and Parallel Resonance Circuit 
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The behavior of a parallel resonant circuit is strikingly different from that 
of a series resonant circuit. In both cases, the impedance is resistive but whereas 
parallel resonance implies maximum impedance, series resonance implies 
minimum impedance. 


= Series Resonant Circuit NE Parallel Resonant Circuit 


An acceptor circuit A rejector circuit 


2. | Resonant frequency 2.| Resonant frequency 
minimum equal to the resistance maximum nearly equal to 
in the circuit. | infinity. 


4 [Selective —— |  4|Sective —  - 


3. 
4. 
Used in the tuning circuit to Used to present a maximum 


separate the unwanted impedance to the wanted 
Check your progress 


frequency from the wanted frequency, usually in the plate 
6. What is called impedance? 


















At resonance the impedance is a 





At resonance the impedance is a 












frequency from the incoming circuit of valves. 
frequencies by offering low 


impedance at that frequency. 








4.11 Power in an AC circuit 

Consider an ac circuit containing resistance, inductance and capacitance. E 
and I vary continuously with time. Therefore power is calculated at any instant 
and then its mean is calculated over a complete cycle. 


The instantaneous values of the voltage and current are given by © 
E = E, sin a 
I =I, sin(@t — @) 
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Here ® is the phase difference between current and voltage. 
Hence power at any instant is 
Exi = E I,sinetsin(ox —9) 


=5E,Llcosġ=cos(2æ =Ø) ^ (1) 




















T 
IE E I [cos ø — cos(2ext — Q)]at 
P=- : 
T 
i T 
_ E I, (cos 9)t — sin(2 at — 2) 
AT 20) * 
_ E (cos &)T —0 - sin(2@T — H) » sin(—@) 
AT 20 20) 
.2z 
Now € and Sin (4Ax-9) = Sin (-9) 
_ 1l Hho? cos p sin(—@) n sin (—@) | 
2 2X e 20) 20) 
——El,cosó 
E od 
= Ja Js cos @ 
= PE ous dms COS p (2) 


Average power = (Virtual volts) x (Virtual amperes x cos @ 


The term (Virtual volts) x (Virtual amperes) is called apparent power and 


COS @ is called the power factor. Thus 


True power = apparent power / power factor. 


Evidently, the power factor is the ratio of the true power to the apparent 


power. 


As cos @ is the factor by which the product of the rms values of the voltage 
and current must be multiplied to give the power dissipated, it is known as the 
‘power factor’ of the circuit. For a circuit containing resistance, capacitance and 


inductance in series, 
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— 
tan ø = 
á R 
oe. — 3 
CMT 
AA 
Fig.4.22 


From figure 4.22. the expression for the power factor is 
R 


oo 


(1) In a purely resistive circuit, p=O0 or cos p= 1. 
—.truepower =E, XI,. 


COS ø = 
Special cases: 


(2) In a purely inductive circuit, current lags behind the applied emf by 90? so 
that 


D=90" or cos=0. 
(3)In a purely capacitive circuit, current leads the applied emf by 90° so that 
@M= -90° or cos(-90°)=cos 90°=0. 
.. truepower = 0 


(4)In an ac circuit containing a resistance and inductance in series, power factor 
R 


JR? +(Lo) 


(S)In an ac circuit containing a capacitance C and a resistance R in series, 


COS  — 


COS g = 
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4.12 Wattless current 

The average power dissipated during a complete cycle is E, ly. cos D 

The current in A.C. circuit is said to be wattles when the average power 
consumed in the circuit is zero. If an ac circuit is purely inductive or purely 
capacitive with no ohmic resistance, phase angle «b = x/2 so that cos ® = 0 or the 
power consumed is zero. The current in such a circuit does not perform any useful 
work and is rightly called the wattless or idle current. In this situation, the circuit 
does not consume any power, through it offers a resistance to the flow of 
alternating current in it. It is the principle of choke coil. 


4.13 Q — factor 
Check your progress 
7. What is called power factor? 


-— iu imb ese es ee ee, ee UD ee ee ee es eee ee ee m ee ee ee ee GE ee ee ee ee ee ee ee ee um ee ee ee mw "ER mum ee auum ee eee eee ee -— -— a— 4A c A uu ee ee ee ee ee ee: ee m e mm ee ee ee eee duum ee m 






Reactance of the coil at resonance L0, 
Q-Factor = ———— ———————————————— - ——- 


Resistance of the circuit R 
Q- Factor determines the degree of selectivity of the circuit while tuning. 
This is because, for larger values of Q- factor the frequency response curve of the 
circuit is a steep narrow peak. For smaller values of Q- factor, the frequency 
response curve is quite flat (Fig.4.23) 


. Infinite Q 


à- High Q E, = Lol 
i OE = E, a Ec 


Curent | ——* 





Fig. 4. 23 

Vector Diagram. A vector diagram of a series LCR circuits is shown in 
fig4.23 .Since L-C-R is connected in series, the current through each is same. Let 
Eg, E and Ec be the potential drops across resistance, inductance and capacitance. 

The vector Eg — IoR is in phase with the current. 

The vector E; = œ L Io 1s 90? advance of the current. 

The vector E. = Io / C is 90? behind the current 

Let the vectors OB, OC and OD represent Eg, E, and Ec. If Ey> Ec, the 
resultant of these two is (EL -Ec). This is represented by OE. 
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OE= OC — OD 
— JI (Lo- 3.) , wherelL«D > = 
Co Co 


= [OB^-BF^]'? = [OB*+OE7}'” 


2 1/2 
E L -I^ (Le | | 
Co 


The current lags behind the applied voltage by «b given as 


Lay —— 
= tan | —— s2 
? R 
4.14 Choke 


A choke coil is an inductance coil which is used to control the current in 
an ac circuit. 


Construction: 
A choke consists of a coil of several turns of insulated thick copper wire of 


low resistance but large inductance, wound over a laminated core (Fig.4.24). 





Fig. 4.24 


The core is layered and is made up of thin sheets of stalloy to reduce 
hysteresis losses. The laminations are coated with shellac to insulate and bound 
together firmly so as to minimize loss of energy due to eddy currents. 

The average power dissipated in the choke coil 1s given by 


P - E, COS @ 
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If the resistance of the choke coil is R and the inductance of the choke coil 
is L, then the power factor cos ® is given by 
R 


COS 8 = 
(RHEL) 

The inductance L of the choke coil is quite large on account of its large 
number of turns and the high permeability of iron core, while its resistance R is 
very small. Hence cos ® is nearly zero. Therefore, the power absorbed by the coil 
is extremely small. Thus the choke coil reduces the strength of the current without 
appreciable wastage of energy. The only waste of energy is due to the hysteresis 
loss in the iron core. The loss due to eddy currents is minimized by making the 


core laminated. 


Preference of choke coil over an ohmic resistance for diminishing the current. 

The current in an AC circuit can also be diminished by using an ordinary 
ohmic resistance (rheostat) in the circuit. But such a method of controlling AC is 
not economical as much of the electrical energy (I Rt) supplied by the source is 
wasted as heat. Hence the choke coil is to be preferred over the ohmic resistance. 

The energy used in establishing the magnetic fields in the choke coil is 
restored when the magnetic field collapses. Hence to regulate ac, it is more 
economical to use a choke than a resistance. 

Choking coils are very much used in electronic circuits, mercury lamps 


and sodium vapour lamps. 


A.F. Choke 

Chokes used in low frequency a.c. circuit have an iron core so that the 
inductance may be high. These chokes are known as audio-frequency (A.F) 
chokes (Fig.4.25a). 


n — E 


——f (00000000 —— 


Fig. 4.25 (a) Fig. 4.25 (b) 
R.F. Choke 
For radio frequencies, air chokes are used since a low inductance is 





sufficient. These are called radio frequency (R.F) or high frequency (H.F) chokes 
and are used in wireless receiver circuits (Fig.4.25 b). 
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Check your progress 
8. Define choke coil. 





4.15 Skin effect 


The current density J remains constant over any given section when a 
steady current passes through a uniform wire. But, when, an alternating current of 
high frequency flows through a wire, the current density is not uniform at all 
points across a section. There is a greater current density at the surface layers than 
at the interior layers of the conductor. When the frequency is very large, the 
current is almost entirely confined to the surface layer. This phenomenon is called 
Skin effect. Since alternating currents of high frequency do not pass through the 
entire cross-section of the wire, the effective resistance of a wire for A.C. is much 
greater than that for D.C. Hence the conductor required to carry high frequency 
alternating currents consists of a number of strands of fine wire connected in 
parallel at their ends, and insulated throughout their length from each other. This 
increases the surface area and thus decreases the resistance. Such a conductor has 


negligible Skin effect and it’s A.C. resistance is very nearly equal to its D.C. 
resistance. 


Explanation: 

When the current passes along the axis of a cylindrical wire, the magnetic 
flux is finite. When the same current passes through the surface of the wire, the 
magnetic flux within the wire is zero. The current is changing with time with a 
fixed frequency over its entire cross-section. Hence the rate of change of flux in 
the wire (and the emf induced) is greater due to a current near the axis than that 
for a current near the periphery. As the induced e.m.f opposes the applied e.m.f, 
the effective resistance or impedance is higher at the centre than in the outer 
layers. Hence less current passes through the inner layers than through the outer 
ones. Since the reactance is dependent on frequency (X; = oL = 2mvlL) the 
magnitude of the effect 1s greater at higher frequencies. 


4.16 AC bridges 
Introduction 

The Wheatstone bridge principle is also applicable to AC networks. The 
only modification is that here complex impedances and currents are used instead 
of resistances. The null point is determined with the help of a pair of head phones. 
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Fig. 4.26 
At balance, the points B and D are at the same potential and the head 
phone HP gives a minimum sound. The condition of balance for the bridge shown 
in Fig.4.26 is given by 
LETS 


Z, Z, 


Here Zi. Z2, Z5 and Z4 are the vector impedances of the branches. The 
phase balance condition is adjusted by changing reactances (L and C) in the arm. 


4.17 Owen's Bridge 

This bridge is used to measure the inductance of a coil in terms of 
resistance and capacitance. The bridge circuit is shown in Fig. 4.27. C1 and C2 are 
standard capacitors. R; and R4 are variable resistances. R4 is a fixed resistance. 
The coil whose self-inductance L is to be determined is connected in the arm AD 
in series with R3. 





Fig. 4.27 
Let the impedances in the four arms of the bridge be Zi, Z2, Z3 and Z4 at 
the balance point. 


1 1 
Z, — R, 4 — ; Z, = ; Z, = R, + JLØ; Z, =R, 


joe ^ jC,o 








When the bridge 1s balanced, we have 
D NE Y 
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[Res] res + tn 

R, RE E 

JC,@ jC,m C, 

Equating the imaginary parts we have 
RR y R Q 


RR, + 





Ci C; R C (1) 
Equating the real parts, 
RR, == 
C; 
L = R1R4C3 (2) 


Thus we have two balances conditions which are independent of one 
another. The condition (1) is satisfied by varying R3 and (2) by varying Rı till the 
sound is minimum in both the cases. 


4.18 Determination of self-inductance by Anderson’s method 
The experiment is performed in two stages. 

(a) D.C. Balance 

The circuit connections are shown in Fig.4.28 (a). The given coil of self- 
inductance L and resistance S is connected in arm DC. The ratio arms P and Q are 
fixed to ratio 1:1. The resistance R is adjusted for balance. This gives the 
approximate value of resistance S of the coil. The experiment is repeated by 
making the P: Q ratio to be 10:1 and 100:1. The accurate value of D.C. resistance 
of the coil is found by the Wheat stone’s bridge relation 


imit io vig 





Fig. 4.28 (a) Fig. 4.28 (a) 


(b) A.C. Balance 

An ac source (oscillator) is connected between A and C (Fig.4.28 b). A 
variable non-inductive resistance r is connected in series with a capacitance C and 
this combination is connected in parallel with the arm AB. A headphone H is 
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connected between E and D. The resistance r is adjusted until minimum sound is 
heard in the headphone. The value of L is calculated using the formula, 
L=C[RO+r(CR+S)] 
Theory 
Let the instantaneous currents in the different arm be as shown in 
Fig. 4. 28 (b) 
At the time of balance, (i.e. no current through headphone) 
Potential at E = Potential at D 
Applying Kirchhoff’s II law, we have 
(1) For mesh ABEA, 














(1) 
(11) For mesh AEDA, 
2 7,R=0 
JOC 
I, 
Or fo b 
JOCR 


(2) 
(iii) For mesh BCDB, 


(i, +i,)O—i,(S + j@L)+i,r =0 


Or LO+1,(0+7r)—-i,(8+ j@L)=0 (3) 


and joL are the impedances offered by capacitor C and 





Here 


inductance L respectively. œ is the angular frequency of applied a.c. 
Substituting Egns. (1) and (2) in Eq. (3), we get 
Q 1... S+joL. 
=| r+ i, +i + r) -—————i, = 0 
P joc j^ ? +r) j@CR * 


Q 1 O S+HJØL _ 
gres een 7@CR 4 T 


Equating the real and imaginary parts separately to zero, we get 


Q L 
—r+O+r—-—=0 
P Q CR 








(5) 





And Q —— = () 
(6) 
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Ld or $= RZ 
S P 
This is condition for D.C balance 
From Eq. (5), we get 

L _Q 


——Á PT -b 
CR p'*9*" 


Or L=cr(2r+o4 "| 


Eq. (6) gives Lm 
" (7) 


Or L- c RE re Re Rr) 


Or L=C(Sr+RQ+ Rr) 
Or L—C[RQ4 rCS 4- Ryl 


from Eq. (7) 


4.19 Maxwell’s Bridge 

The circuit of Maxwell's L-C bridge for the determination of self- 
inductance is shown in Fig. 4.29. The coil whose inductance L is to be determined 
is placed in the arm CD, in series with a variable non-inductive resistance R4. 
Arms AB, BC and AD contain non-inductive resistances R;, HR, and Rz 
respectively. A standard variable capacitor C4, is connected in parallel with 
resistance R, in the arm AB. 





——JÀ 
Fig.4.29 
Let Zi, Z2, Z3 and Z4 be the impedances of branches AB, BC, AD 
and DC respectively. 
1 1 i 1 . R, 
Here — = — + ———— = — + jC,o;,Z7Z1- ——————— 
Z R 1/jC,o R i (1+ j@C,R, ) 
Z,=R,; Z, = R; Z, =R, + jL@ 
According to the condition of balance, 
ZZ 
Zi Là 
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PEE ee. ae 

(1+ j@C,R,)R, (R, * jLo) 

RR, + JLOR, = R,R, + R, RR, jac, 
Equating real and imaginary parts, we get 
R,R, = RR, 

LEE 


L=R,R,C, 

Eqs. (1) and (2) are the two balance conditions which are independent of 
one another. When using the bridge, Rı/R2 is kept a simple ratio. R4 is varied until 
the head phone gives minimum sound. Now the potentials at B and D are equal in 
magnitude. Then the capacitance C, is varied until the sound in the headphone 
reduces to a further minimum. The experiment may be repeated varying the values 


of the resistances. 


4.20 Let us sum up 
e Growth of current in a circuit containing a resistance and inductance 


I — I, Gace 


e Decay of current in a circuit containing a resistance and inductance 


R 
rare (2 
e Growth of charge in CR circuit 
t 
Q = Qo (1 - e ——2) 
e Decay of charge in CR circuit 


Q = Qoe "** 


e Growth of charge in a circuit with inductance, capacitance and resistance 


1 b 
Q = Qo — 5 Qe (a t =) e 


4 (a — e m] ev (b? —k*)t 
(B: — k?) 


e Determination of High Resistance by Leakage (B.G) 


DRE RN 
~ 2.3026C log49(0419/9) 
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3. A charged capacitor of capacitance 0.01 uF is made to discharge through a 
circuit consisting of a coil of inductance 0.1 henry and an unknown resistance. 
What should be the maximum value of the unknown resistance, if the 
discharge of the capacitor is to be oscillatory? 

4. If the charge of a capacitor of capacitance 2 uF in leaking through a high 

resistance of 100 mQ is reduced to half its maximum value, calculate the time 

of leakage. 

Why is shock from ac more severe than that from dc? 

6. An alternating potential of 100 volt and 50 hertz is applied across a series 
circuit having an inductance of 5 henry, a resistance of 100 Q and a variable 
capacitance. At what value of capacitance will the current in the circuit be in 
phase with the applied voltage? Calculate the current in this condition. What 
wil be the potential differences across the resistance, inductance and 
capacitance? 

7. Whatis the power expended in a series LCR circuit at resonance? 

8. An electric lamp which runs at 100 volt D.C. and 10 ampere current are 
connected to 220 volt 50 Hz A.C. mains. Calculate the inductance of the 
choke? 


al 


4.23 Answers to check your progress and problems for discussion 
To check your progress: 

E. The time constant L/R of an L-R circuit is the time taken by the current to 
grow from zero to 0.632 times the steady maximum value of current in the 
circuit. 

2: I= he tn" 
3. I set: L= 1mH, R = 1000 Q: Il set: L = 10 mH, R = 10 Q. The first set is 
suitable because for it, the time constant L/R 1s smaller. 
4. The time constant of a CR circuit is defined as the time taken by the current to 
fall from maximum to 0.368 of its maximum value. 
5. The maximum value of alternating current or emf in the positive or negative 
direction 1s called peak value of alternating current or emf. It 1s denoted by Io or 
Eo. 
6. In any circuit the ratio of the effective voltage to the effective current is 
defined as the impedance Z of the circuit. 
7. The term (Virtual Volts X Virtual amperes) is called apparent power and cos ® 
is called the power factor. Thus 
‘True power = apparent power X power factor. 
Evidently, the power factor is the ratio of the true power to the apparent 
power. 
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8. 


A choke coil is an inductance coil which is used to control the current in an 
ac circuit. 
To Problems: 
E I =1,(1-e*") 
Given 
I 
T .632.R 10 _ 9 
l; 100 L 0.5 
63.2 . 
100 
e7% = 1- 0.632 = 0.368 
20£ = 1 
0.368 
20t = log, 2.717 


t= 2 X 2.3026 X log,, 2.717 


—20t 


= 2.717 


.. 2.3026 X 0.4341 


— 0.05 Sec 
20 
The time constant if the circuit 1s 
L = 0.5 = d Sec 
R 10 20 


I 
2. tc- cg. Now Capacitance C = Q — E : 


Í 
V V VID R 





t 
T ——XR-t 
R 


Therefore t. has the dimensions of time. 


3.1f R is the maximum value of the resistance for the discharge to be 
oscillatory, then 


2 
R d xR- ES " EC = 6324 Q 
AP LC C V0.01x10 
1 


~ 2.3026 C log, (Q,/Q) 
4. Here, C22 X 10° E, R = 10°Q, Q)/Q = 2 


t = 2.3026 CR logo (Qo/Q) = 2.3026 (2 x 10?) 10? logio2 
— 138.7 s 


5.The peak voltage in an ac circuit is given by E, = J2E, . With an average 


voltage supply of 220 volts, the peak voltage is E, = 42 x220 = 331volts 
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Thus, an ac supply of 220 volts varies between values equal to +31 1volts. 
Hence; the shock from an ac is more severe. 





1 1 

CI, = -——— C = — 
6.For resonance, OC or eL 
Æw = 27v = 100z, L = SH 
Here, 
c= — — — 2x10? farad =2uF 
(10077) x5 
2E 21090 _1 0A 


The current at resonance = 
P.D.acrossR = I, XR =1.0100 -100Volt(rms) 


P.D.acrossL = I, X ØL —1.0x(1007)x5 = 1570Volt(rms) 


P.D.acrossC = I, TN = —— Á— 
Co (2x10 ^)x100x 


=1570 Volt (rms) 


1 
7. At resonance, we have ø = 0 because Lo-— ppm 
e 


Ihe current is then in phase with the emf. The mean power I given by 
P — E I COS Ø Eg | DEE — 


POPPE. SOP PPS 


V 100 
S.Resistance of the lamp R T — 10 =100. 


If the lamp is to be run from 220 volts, 50 Hz A.C. mains a choke 
Gnductance) should be placed in series with the lamp in order to increase 


its effective resistance. 
Let L be the inductance of the required choke. Then 


Impedance = ,/( R? + a7?) = | (10)? + (22x50)? P? | 


=,/(100+10*771’) . 
Voltage 
current = ——_—— 
impedance 
10 — 220 
(100 - 10* z? 7? 
L = 0.062 H 
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4.24 Suggested readings 


1. Electricity and Magnetism — Prantosh Chakraborty, I Edition, Reprint 2008, 
New Age International Private Limited Publisher. 


2. Electricity and Magnetism — P.L.Sehgal, K.L.Chopra, N.K.Sehgal, VI Edition, 
Reprint 2009, S.Chand& Sons, New Delhi. 
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5.3. Magnetic Induction (B): 

5.4. Magnetic Materials 

5.5 Magnetisation 

5.6. Hysteresis 

5.7. Work done in taking unit volume of a magnetic material through a complete 
cycle of magnetisation 

5.8 Area of the hysteresis loop 

5.9. Experiment to draw B-H curve (Ballistic method):Circuit Description: 
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5.13. Displacement current 

5.14. Magnitude of Displacement current 

5.15. Significance of Displacement current 

5.16. Maxwell’s equations in material media 

5.17. Plane Electromagnetic Waves in free Space — Velocity of Light 

5.18. Propagation of Electromagnetic wave through a homogeneous, isotropic 
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5.20. Unit —end exercises 

5.21. Problems for discussion 

5.22. Answers for Check your progress and problems for discussion 

5.23. Answers for problem for discussion 

5.24. Answers for problem for discussion 


5.1. Introduction: 


current loops within the substance. 


The magnetic properties of a substance are explained in terms of tiny 
These current loops arise due to motion of 


electrons within atom. 


by a cloud of electrons. 


We know that an atom consists of positively charged nucleus, surrounded 
These electrons circulate about the nucleus in definite 


orbits and also spin about their own axes. These moving electrons are equivalent 
to tiny current loops and produce magnetic fields. 
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5.2 Objectives 
After going through this unit, you will be able to: 


e define Magnetic induction, Magnetising field, Magnetisation and 
susceptibility 


distinguish the properties dia, para and ferromagnetic materials. 
describe Ballistic method experiment to draw B-H curve 


explain Hysteresis curve and its importance 

discuss the properties of ferrites 

e describe Guoy’s method for the determination of susceptibility 
e derive Maxwell’s equations and its significance. 


5.3. (i) Magnetic Induction (B) 


If a positive test charge q moving with velocity V through a point in a 
magnetic field experience a force F, then the magnetic induction B at that point is 
defined by 


F=q (v x B) 
The magnitude of the magnetic induction 1s thus defined by 


r 


B= 
q(v sin @). 





Fig 5.1 


Here, 9 is the angle between V and B (Fig 5.1) SI unit of B is Weber / metre* 
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The magnetic field can be represented by ‘lines of induction’. The tangent 
to the line of induction at any point gives the direction of B. The number of lines 
of induction per unit, area normal to their direction is equal to the magnitude of B. 


Fig.5.2 represents a bar of soft iron placed in vacuum with its length 
parallel to the lines of magnetising field. The bar is magnetised and the number of 
lines within the specimen (B) is greater than the number of lines in free (H) i.e. 


B>H in iron. 








Fig 5.2 


Definition of Magnetic Induction (B) 


The net number of magnetic lines of force passing 
per unit area normally within the material medium when it is placed in an external 
magnetic (or magnetising) field is called the magnetic induction (B) within the 


sample. 
(iD Magnetising field (H): 


When a magnetic material is placed in a magnetic field, it 
becomes magnetised. The capability of the magnetic field to magnetise a 
materials is expressed by means of magnetic vector H, called the magnetising 
field or magnetic field intensity. 


Definition: Magnetising field is defined as the force experienced by a unit north 
pole placed at a point in the magnetic field. 


It direction is the same as that of B. 
It unit is Am! 
(iii) Magnetisation (M): 


When a magnetic material is placed in a magnetic field, the elementary 
current — loops in the material become aligned parallel to the field. The material 
is then magnetised, and acquires a magnetic dipole moment. 
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Definition: Magnetisation M of the material is defined as the magnetic dipole 
moment induced per unit volume of the material. Unit of M is Am. 


Let m be the magnetic dipole moment of a specimen of volume V. 


Then M =~ 
V 


In an unmagnified matter M will be zero. In a uniformly magnetized 
matter, each atomic magnetic dipole will point in the same direction and 
magnetization M will be constant throughout. 


Relation between the three magnetic vectors, B, H and M: 


Consider a Rowland ring having a toroidal winding of N turns 
around it. When a current io is sent through the winding, the ring is magnetised 
along its circumferential length. The current io is the real current which 
magnetises the ring. This magnetisation arises due to the alignment of the 
elementary current-loops (magnetic dipoles) resulting from electronic motions in 
the material. Fig 5.3 shows a section of the magnetised nng. The small circles 





Fig 5.3 


represent the current-loops. These internal tiny circular electron currents tend to 
cancel each other due to the fact that adjacent currents are in opposite directions. 
As such, there is no net current inside the core. The current in the outer portions 
of the outer-most loops remain uncancelled. The numerous tiny localized surface 
currents can be replaced by a single closed current i, along the surface. Such a 
current is called Amperian current. 


Let A= area of cross section and 
—circumferential length of the ring. Then, volume of the ring = 1A 


The ring behaves like a large dipole of magnetic moment i, A. 
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Magnetisation = M=magnetic moment per unit volume. 


iA i 


LA l 





The magnetisation M, therefore, is the surface current per unit length of the ring. 
This is commonly called magnetisation current. 


Now, the magnetic induction B within the material of the ring arises due to the 
free current io in the winding, as well as due to the magnetisation of the ring itself 


which can be described in terms of Amperian surface current. 
Ni P Ni is _ 
B = po (FP +F) = Ho +M) 1-M) 


Nio . M : 
Here — is the free current per unit length and Ps is the Amperian surface current 





per unit length. 
B Ni 
es ee 
Ho l 


The quantity B — M is called magnetising field or magnetic field intensity H. te 
o 


B 
H = —— M 
Ho 


or B = ug(H + M) 

In vector form B = uo(H + M) 

This is the relation between the three vectors B, H and M. 
Magnetic susceptibility: 


For isotropic linear Para - and diamagnetic materials it is found 
experimentally that the magnetisation M is proportional to the magnetic field 
intensity H. That is, 


Max MorM=x,H 


The constant x,, is called the magnetic susceptibility of the materia. ! may be 
defined as the ratio of the magnetisation M to the magnetic field intensity H. 
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Definition: The magnetic susceptibility of a material is defined as the intensity of 
magnetisation acquired by the material for unit field strength. 


We can classify magnetic materials in terms of susceptibilityx,,. If x», 
is positive, the material is called paramagnetic. If x,, is negative, the material is 
diamagnetic. The characteristic of ferromagnetic materials is that x,, is positive 
and very large. However, in ferromagnetic materials, M is not exactly 
proportional to H, and so x,, is not a constant. M may even be finite when H=0. 


Magnetic Permeability: 
Consider the relation 
B = uo(H + M) 
—Ho(H + x4 M) 
= Uo(1 + xm)H 
= uH 
Here, y = Ho (14+ X,,), is called the magnetic permeability of the material 


Magnetic permeability (4) of a medium is defined as the ratio of magnetic 
induction to the intensity of the magnetising field. i.e., uw = = ; (For vacuum 


Xm = 0 and u = ug) 

Hence magnetic induction in vacuum is Bg = HoH. 

The ratio = = - is called the relative permeability... Obviously Hr = 14+X%m 
We may also classify magnetic materials in terms of the relative permeability i... 


Diamagnetism: u4, < 1 (For Bi, u, = 1 — 0.00017) 


Para magnetism: u, > 1 (For Al, pu, = 1 + 0.00002) 


Ferromagnetism: u, > 1(For pure Fe, u, = 200,000) 


Check your progress 


1. Define Magnetic permeability 
2. The magnetic susceptibility of the medium is 2.14 x 10! H/m. Calculate 


its relative permeability 
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5.4. Magnetic Materials 


a) Properties of Diamagnetic materials 


The substances which get weakly magnetised by a strong 


magnetic field in a direction opposite to that of the applied magnetic field are 
called diamagnetic substances. 


The examples of diamagnetic substances are copper, silver, gold, 


bismuth, antimony, quartz, diamond, sodium, water, alcohol. 


G) 


(11) 


(ii) 


(iv) 


For diamagnetic substances, relative permeability y,is slightly less 
than 1. 

When a bar of diamagnetic substance is placed in strong magnetic 
field, the magnetism is induced in a direction opposite to the external 
field (Fig 5.4). So the total numbers of magnetic lines of induction are 
less in the material than that in free space. This shows that the 
magnetic dipole moment, intensity of magnetisation (M) and magnetic 


susceptibility are negative. 








> 2> 
i 


Fig 5.4 
Ihe susceptibility (xm) of a diamagnetic material is independent of 


temperature. 
If a bar of a diamagnetic substance is suspended between the poles of a 


magnet, it stays at right angles to field direction (Fig 5.5). 
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Fig 5.5 
(v) In a non-uniform magnetic field, a diamagnetic substance tends to 
move from the stronger to weaker parts of the field. 


A diamagnetic liquid is placed in a watch glass resting on two pole pieces very 
near to each other (Fig 5.6) 





Fig 5.6 


The liquid accumulates on the sides where the field is weaker, producing a 
depression in the middle. 





Fig 5.7 


The reverse effect is observed when the poles are far apart (Fig 5.7) 
(v1) A diamagnetic liquid shows a depression in the limb of U- tube placed 
between pole pieces of a strong magnet. 
(vii) A diamagnetic gas when allowed to ascend in between the poles of a 
magnet spreads across the field. 


b) Properties of paramagnetic materials: 


The substances which get weakly magnetised by a strong magnetic field 
of the same direction as the applied field, are called paramagnetic substances. 
159 


The examples of paramagnetic substances are aluminium, magnesium, 
titanium, tungsten, chromium, manganese, liquid oxygen, air, copper sulphate and 
solutions of salts of iron and nickel. 


(1) For paramagnetic substances, the relative permeability u, is slightly 
greater than 1. 
(11) When a bar of paramagnetic substance is place in a strong magnetic 


field, the magnetism is induced parallel to the direction of external 
field (Fig 5.8). So the total numbers of magnetic lines of induction 
within the material are slightly greater than that in free space. This 
shows that magnetic dipole moment, intensity of magnetisation (M) 
and magnetic susceptibility are positive but small. 





Fig 5.8 


(111) The susceptibility (x,,) of a paramagnetic material decreases with rise 
in temperature. 

(iv) If a bar of paramagnetic substance is suspended between poles of a 
magnet, it stays parallel to the lines of force (Fig 5.9) 





Fig 5.9 
(v) In a non-uniform field, paramagnetic substances tend to move from 
weaker to stronger parts f the magnetic field. 


A paramagnetic liquid is placed in a watch glass resting on two pole pieces 
very near to each other (Fig 5.10) 
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Fig 5.10 
The liquid accumulates in the middle where the field is strongest. 
If the pole-pieces are far apart, the field is strongest near the poles. 


The liquid moves away from the centre producing a depression in the middle 
(Fig 5.11) 





Fig 5.11 


(vi) A paramagnetic liquid shows a rise in the limb of U-tube placed 
between pole pieces of a strong magnet (fig 5.12). 





Fig 5.12 
(vii) A paramagnetic gas when allowed to ascend between the pole pieces 
of a magnet spreads along the field. 


c) Properties of ferromagnetic materials: 


Ferromagnetic substances are those which are 
strongly magnetised by relatively weak magnetic field and in the same sense 
as the applied magnetic field. 


The examples are: Iron (Fe), Nickel (Ni), Cobalt (Co), steel, gadolinium and 
their alloys, Magnetite (Fe304). Etc. 
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Gi) Ferromagnetic show all properties of paramagnetic to a much high 
degree. For example, if a bar of ferromagnetic material is placed in 
an external magnetic field, strong magnetism is induced parallel to 
the direction of field. So the total numbers of magnetic lines of 
force within the material are much greater than that in free space. 
This shows that magnetic dipole moment, intensity of 
magnetisation (M) and magnetic susceptibility (Xm) are positive 
and quite large. The relative permeability 4, of these materials is 
very large. 

(11) They get strongly magnetised in the direction of the external field 
and so they are strongly attracted by magnets. 

(Gii) They set themselves parallel to the external field 1f suspended 


freely. 

(1v) This materials exhibit the phenomenon of hysteresis. 

(v) As temperature increases, the value of magnetic susceptibility (Xm) 
decreases. Above a certain temperature, known as Curie 


temperature, ferromagnetic become paramagnetic 


Check your progress 


. 8. Does every magnet necessarily have a north and south pole 
4. What are ferromagnetic substances? 
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5.5 Magnetisation 


The paramagnetic, diamagnetic and ferromagnetic behaviour 
of substances can be explained in an elementary way in terms of the electron 
theory of matter. 


Fach electron is supposed to be revolving in an orbit around the nucleus. 
Each moving electron behaves like a tiny current loop and therefore possesses 
orbital magnetic dipole moment. Furthermore, each electron is spinning about an 
axis through itself. This spin also gives rise to a magnetic dipole moment. In 
general, the resultant magnetic dipole moment of an atom is the vector sum of the 
orbital and spin magnetic dipole moments of its electrons. 
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Explanation of Diamagnetism. 

Diamagnetism occurs in those substances whose atom 
consists of an even number of electrons. The electrons of such atoms are paired. 
The electrons in each pair have orbital motions as well as spin motions in 
opposite sense. The resultant magnetic dipole moment of the atom is thus zero. 
Hence when such a substance is placed in magnetic field, the field does not ten 
do to align the atoms (dipoles) of the substance. The field, however, modifies 
the motion of the electrons in orbits which are equivalent to tiny current loops. 
The electron moving in a direction fields are slowed down, while the other is 
accelerated (Lenz’s law). The electron pair, and hence the atom, thus acquire an 
effective magnetic dipole moment which is opposite to the applied field. Hence 
for diamagnetic materials M is opposite to h. So the susceptibility (xm) of a 
diamagnetic substance is negative and is very small. 


Explanation of Paramagnetism: 

In paramagnetic materials, the magnetic fields 
associated with the orbiting and spinning electrons do not cancel out. There 1s a 
net intrinsic moment in it. The molecules in it behave like little magnets. When 
such a substance 1s placed in an external field it will turn and line up with its axis 
parallel to the external field. Thus it tends to move further into the field. i.e., 
there is force of attraction. The diamagnetic force of repulsion is also present, 
but it is not so strong as the attracting force arising from the magnetic properties 
of the material. Since M and B (and hence H) are in the same direction in 
paramagnetic, the susceptibility (xm) is positive. When a paramagnetic 
substance is heated, the thermal agitation of its atoms increase. So the 
alignment of the dipoles becomes more difficult. This is why the magnetisation 
of paramagnetic substances decreases as the temperature of the substance 
increases. (Xm) c V4 


Explanation of Ferromagnetism: 

Ferromagnetic substances are very strongly magnetic. 
The best-known examples of ferromagnets are the transition metals Fe, Co, and 
Ni. A ferromagnetic has a spontaneous magnetic moment — a magnetic moment 
even in zero applied fields. The atoms (or molecules) of ferromagnetic materials 
have a net intrinsic magnetic dipole moment which is primarily due to the spin 
of the-electrons. The interaction between the neighbouring atomic magnetic 
dipoles is very strong. It is called spin exchange interaction and is present even 
in the absence of an external magnetic field. It turns out that the energy of two 
neighbouring atomic magnets due to this interaction is the least when their 
magnetic moments are parallel. The neighbouring magnetic moments are, 
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therefore, strongly constrained to take parallel orientation (Fig 5.13). This effect 
of the exchange interaction to align the neighbouring magnetic dipole moments 
parallel to one another spreads over a small finite volume of the bulk. This small 
(1-0.1 mm across) volume of the bulk is called a domain (Fig.5.14). All 
magnetic moments within a domain will point in the same direction, resulting in 
a large magnetic moment. Thus the bulk material consists of many domains. 
The domains are oriented in different directions. The total magnetic moments of 
a sample of the substance is the vector sum of the magnetic moments of the 


component domains. 
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Fig 5.13 Fig 5.14 


In an unmagnified piece of ferromagnetic material, the magnetic 
moments of the domains themselves are not aligned. When an external field 1s 
applied, those domains that are aligned with the field increase in size at the 
expense of the others. In a very strong field, all the domains, are lined up 1n the 
direction of the field and provide the high observed magnetisation. 

‘Tf a ferromagnetic material is heated to a very high temperature, 
the thermal vibrations may become strong enough to offset the alignment within 
a domain. At such temperature. the material loses its ferromagnetic property and 
haves like a paramagnetic material. The critical temperature above which a 
tezromagnetic material becomes a paramagnetic is called the Curie 
;emperature. 

3.0 Check your progress 

Q: How the pigeon be able to sense the direction? 

A: The pigeon may well be able to sense the direction because of a built-in 
magnetic "compass" with in their skull that are connected with a large 
number of nerves to the pigeon brain. 


5.6. Hysteresis 

Consider an unmagnified ferromagnetic substance (say iron bar) 
in a magnetising field. The intensity of magnetisation (M) induced is measured 
for different values of magnetising field H. The variation f M with variation in 
H is shown in Fig.5.15. 
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Fig 5.15 
The point O represents an initially unmagnified specimen and a 
zero magnetic intensity. 
As H is increased from zero, the value of M also increases as in OA. 
At point A, the intensity of magnetisation M becomes constant 1.e., it has 
acquired its saturation value. 

Now consider that the magnetising field H is decreased. It is 
obvious from the figure that intensity of magnetisation also decreases without 
following path AO. It follows the path AB. At B, the intensity of magnetisation 
has some value while magnetising field H is zero. The value of intensity of 
magnetisation for which H=0 is called retentivity or residual magnetism. 


Definition of Retentivity. The retentivity or remnance is defined as the 
intensity of magnetisation remaining in the substance when the magnetic field 
has been reduced to zero. 

Further consider that direction of H is reversed. In this case, the 
curve BCD is obtained. For the part BC, the value of M decreases as the value 
of H is increased in reverse direction up to a point C where M is zero. This 
shows that a magnetising force OC is required to reduce the residual magnetism. 
The value of magnetising force is called coercive force of coercively. So the 
coactivity is a measure of the magnetising field required to destroy the residual 
magnetism in the specimen. 


Further increasing of H in reverse direction gives a saturation point D. The 
point D is symmetrical to A. If now the field is increased in steps a curve DEFA 
is obtained. 


It can be observed from the figure that throughout the cycle ABCDEFA, 
the intensity of magnetisation M lags behind the magnetising field H. Thus the 
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lagging of intensity of magnetisation behind the magnetic field is called 


hysteresis. 


The closed curve ABCDEFA which represents a cycle of magnetisation of 
the specimen is known as the “‘hysteresis curve (or loop)" of the specimen. 


5.7 Work done in taking unit volume of a magnetic material through a 
complete cycle of magnetisation 

According to Ewing's theory of molecular magnetism, a magnetic material 
even in the unmagnified condition consists of an indefinitely large number of 
molecular magnets endowed with define polarity. When a magnetizing field is 
applied, the molecular magnets align themselves in the direction of the field. 


During this process, work is done by the magnetizing field in turning the 
molecular magnets against the mutual attractive forces. This energy required to 
magnetize a specimen is not completely recovered when the magnetizing field is 
turned off, since the magnetization does not become zero. The specimen retains 
some magnetization because some of the molecular magnets remain aligned in 
the new formation due to the group forces. To tear them out completely, a 
coercive force in the reverse direction has to be applied. Thus, there is a loss of 
energy in taking a ferromagnetic material through a cycle of magnetization. This 
loss of energy is called hysteresis loss and appears in the form of heat. 


Consider a magnetic material having n molecular magnets per unit 
volume. Let m be the magnetic moment of each magnet and @ the angle which 
its axis makes with the direction of magnetizing field H. 


The magnetic moment m of the molecular magnet can be resolved into a 
component m cos @ in the direction of H and m sin 8 perpendicular to H. The 
component m cos @ alone contributes to the magnetising field and the 
component m sin @ has no effect on the magnetisation of the specimen. 


If M be the intensity of magnetisation, then 

M=21m cos @ rer ie 
Differentiating Eq. (1), dM = d(Zm cos 0) = - Zm sin ð d8  ..... (2) 
Wien M increases to M + dM, @ decrease to 8 -d G8 
She work done by the field in decreasing 9 by d@ is given by 


dW —CdO | . —  ... (3) 
here, C = torque for unit deflection = ug m H sin @ 
AW — Ho rf sino X (—d0) — c7 Horn H sinO dO ) P (4) 
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The work done by the applied field is 

=i dW = HoH X (—Xmsin 0 dd) 

—ug9H X dM (from Eq.2) 
Thus work done by the magnetizing field per unit volume of the material for 
completing a cycle is 

W —$éuygHdM = $H uodM ooo (5) 
Now, B = uo9(H + M). For ferromagnetic, M>>H. So B = Ho M. 
i.e., dB = Hod M 


from Eqs.(5) and (6). 
W = $H dB sS (7) 


The area of the B-H loop or Lg times the area of the M-H loop gives the energy 
spent per cycle. When H is in Am and b is in Wbm” the energy is in joules 


per cycle per m" of the material. 


5.8 Area of the hysteresis loop 


Let ABCDEFA represent the M-H curve of the materials (Fig 5.16 & 5.17) 






Pp me ce oe ce ja 


k | 





D 


> 


Fig 5.16 Fig 5.17 
Consider two very neat points p and q on the curve. 


At p, the value of the magnetising field H is represented by sp. 
The increase in the value of M is dM. The amount of work 


done on the specimen to increase the intensity of magnetisation by dM. 


This is equal to Ho times the area of the small rectangular strip pqrs. Similarly, the 
whole cycle can be imaging to be made up of small rectangular strips and the total 
amount of work done on the specimen when H increases or by the specimen when 


H decreases to zero can be calculated. 
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(1) 


(ii) 


(iii) 


(1v) 


The work done on the specimen when the value of H increases from 
zero to K (Fig 5.23). 


R 
— Ho | HdM = ug(area EFARBOE ) 
E 


Work done by the specimen when H decreases to zero 


B 


= Hg Í HdM = uolarea ARBA) 
R 


Work done on the specimen when H increases from zero to L in the 


opposite direction. 
S 


= Uo | HdM = ug(area BCDSEOB) 
B 
Work done on the specimen when H decreases to zero 
E 


= uo | Ham = ug(area DSED) 
S 


Total work done on the specimen per unit volume per cycle 


= uo| Area EFARBOE — Area ARBA + Area BCDSEOB — Area DSED] 


= uogl Area ABCDEFA] 


= Ug times the area of the M — H loop 


Hence, the work done on the specimen per unit volume when taken through a 
complete cycle of magnetisation is equal to 4g times the area of the hysteresis 
loop ABCDEFA. 


5.9 Experiment to draw B-H curve (Ballistic method) 
Circuit Description: A specimen of the given ferromagnetic material is taken 
in the form of a ring (Rowland ring). 


The experimental arrangement is shown in Fig.5.18 
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Fig 5.18 
A primary coil P; is wound closely over the specimen ring. This winding is 
connected in series with a battery B, an ammeter A, a rheostat R, and a 
resistance R through a reversing key K and a two-way key K, A tap key K 
connected across R facilities either its inclusion or removal from the circuit. 


The secondary winding S, over the specimen consists of a few turns of closely 
wound wire. This winding S; is connected in series with a rheostat R, a ballistic 
galvanometer and the secondary winding S» of a standard solenoid through a key 
K2, Ky is the damping key across the ballistic galvanometer. P» is the primary 
winding of the standard solenoid. The two ways key K; connects either P, or P5 
to the battery circuit. 


Theory 

Number of turns of the winding P, =n, turns per metre 
Total number of turns of the winding S, — n» turns 

Number of turns of the winding P; =n; turns per metre 
Total number of turns of the winding S; —na turns 

Area of cross —section of the specimen =A sq.metres 

Area of cross-section of the standard solenoid — a sq.metres 


When the key kı is closed to the left, a current i passes through the 
magnetising coil Pı. The ring is magnetised. 

The intensity of the magnetising field = H-nji (1) l 
The magnetisation of the specimen develops a magnetic flux density P; inside 
the ring. Then, 

The total flux linked with the secondary = © —n;BA 
This is the change of flux in the secondary. It sets up an induced emf in the 
secondary circuit. If R is the total resistance of the secondary circuit, then the 
charge passing through the ballistic galvanometer. 
q=n2BA/R. 
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U @ is the first throw of the ballistic galvanometer coil, then 
q= n2BA/R =K 0 (1 + “). (2) 


Here , K is the ballistic constant and 
A the logarithmic decrement of the ballistic galvanometer. 


To eliminate K and A. 

A known current I is passed through the primary of the standard solenoid by 
closing the key K; to the right. 

Magnetic flux linked with the secondary = p = pongi an, Wb 


This change in the magnetic flux sends a charge q' — Honana 
Through the galvanometer 
If 8’ is the first throw in the galvanometer coil, then 
q = Het = KO (145) tees (3) 

Dividing Eq.(2) by Eq.(3) we have 

n;BA  @ 

HuHonana4ia 20’ 
or 
|—  Honana4ia o 2 
m ONE Wb/m (4) 


Eq.(4) gives the magnetic induction B induced in the specimen corresponding 
to the magnetic intensity H, given by Eq.(1). 
Procedure: The key K;ı is first closed to the left and the resistances R; and R 
are decreased until on closing the commutator K, the galvanometer gives a full- 
scale deflection from the zero. The current required to do this is noted and 1s 
used as maximum current in the main experiment. 
The residual magnetism in the specimen is reduced to zero as 

follows. The galvanometer circuit is first broken and the resistance R, and R 
are reduced to the minimum. The current passing through the primary of the 
ring solenoid is then reversed many times by means of the commutator K and R 
and R are gradually increased until the current which is reversed is very small. 

The galvanometer is again put in the circuit by closing key K2. 
The key K is closed and resistance R; is given a value corresponding to the 
maximum current. The commutator K is closed to the right and the first throw 
8, of the galvanometer is noted. The current 1; is also noted from the ammeter. 
The values of Bı and H; are calculated by using Eqs. (4) and (1) respectively. 
The corresponding point of the B-H curve is (Fig 5.19) 
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Fig 5.19 
The galvanometer circuit is again broken and the specimen 
is again demagnetized by reversing rapidly the commutator K as described 
before. The ballistic galvanometer is again put in the circuit. Now R is given a 
small value and K is opened. The magnetising force is thereby decreased to Hb, 
producing a ballistic throw 05 in the galvanometer. This throw corresponds to a 
decrease in induction B, —B» 

The value of magnetising field Hə is calculated by noting ammeter 
reading. The corresponding point on the graph is denoted by the point b. this 
process is repeated by gradually increasing R, until current and hence H becomes 
zero. The graph corresponding to these readings is ac. After each measurement, 
the specimen is returned to the state a by the reversal of maximum current. 
Hence point a works as the reference point. 

The key K is now closed and commutator is reversed several 
times and finally left to the right. R is given a large value and galvanometer is 
again put in the circuit. The commutator K is then thrown over to the left and at 
the same time K is opened, so that the current is reversed and at the same time 
made of small value. This gives a point on the part cd of the curve. The starting 
point is again a and change in magnetic inductions is measured every time. The 
process is repeated in many steps until finally R is zero when the point e on the 
curve is reached. 

Ihe part efga can be drawn by symmetry, or by repeating the 
experiment using e as the reference point and leaving the commutator now on 
the left. 

The two-way key K; is closed to the right. A known current i is passed 
through P». The corresponding throw @ in the B.G., is noted. ‘This auxiliary 
experiment is used to calculated B from Eq.(4) 


Ferromagnets & Ferrimagnets: 
Transition metal Fe, Co. and Ni; rare earth metals 
such as Gd and a few oxides such as Cro» and ErO display ferromagnetism. 
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a) Ferrimagnetic Materials and their Properties: 
In ferrimagnetic materials (also called ferrites) such as Mn 


Fe» O,, the magnetic moments of adjacent ions are anti parallel and of unequal 
Strength (Fig 5.20). So there is a finite net magnetisation. By suitable choice o 
rare-earth ions in the ferrite lattices it is possible to design ferrimagnetic 
substances with specific magnetization for use in electronic components. 

The general formula of ferrites may be written in the simple 
form as Me™ Fe; O* , where Me”? represents divalent metallic ions such as 
Fe**, Co", Mn", Zn”, Ca”, Me", etc. 


Fig 5.20 


Properties: 
1. These are metal oxides, but not metals 
2. These material exhibit hysteresis property 
3. Fig 5.21 shows the variation of susceptibility (y) with temperature for 
ferrimagnetic materials. 
Magnitude of susceptibility is very large and positive. 





Ew T — 
Fig 5.21 


lemperature dependence of susceptibility. 


At T >Twy (Neel temperature),y = — 


4. They are insulators with very high resistivity (—10!? A cm). As a 
consequence, there will be no eddy current loss as usually noted with 
iron, at high frequencies. 
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11. 


High microwave dielectric constant (> 10 to 12) (low dielectric loss). 


A high magnetic permeability (500-1000) for the mixed Ni-Zn ferrites 
(Nio.36 ZNoo1 Fe» O4) at low frequencies and ~10 at high frequencies 
(> 300 MHz). 

Ferrites show the same type of hysteresis curve, domain structure and 
motion similar to ferromagnetic; but the coercive force and saturation 
magnetisation (though appreciable) is smaller than that of 
ferromagnetic materials. 

They have a Curie temperature that varies from 100°C to several 
hundred °C. 

They are mechanically hard, brittle. 


. They are to be prepared using certain method, and it is not possible to 


cast them from the molten state because oxygen is then driven off from 
the material. 

The resistivity depends on the preparation technique (and can be 
anywhere between | and 10'* Q cm). 


b) Applications of Ferrites (ferromagnetic materials) 


l. 


t9 


Ferrites are used to produce low frequency ultrasonic waves by 
magnetostriction principle. Further these are used in the 
electromechanical transducers. 

Ferrite rods are used in radio receivers (particularly in medium wave 
coil) to increase the sensitivity and selectivity of receiver. 

Ferrites like Nickel Zine ferrites are used as cores in audio and T.V. 
transformers. 

Since for ferrites eddy current loss and hysteresis loss are small at 
microwave frequencies, these are widely used in non-reciprocal 
microwave devices like gyrator, circulator and isolator. 

Ferrites are also used in digital computers and data processing circuits. 
Normally here ferrites with rectangular hysteresis loops are used as 
magnetic storage elements. 

Based on nonlinear tensor permeability property, ferrites can be used 
in devices for power limiting and harmonic generation. 


5.10 Gouy’s method for measurement of Susceptibility 


Apparatus: It consists of an electromagnetic having parallel 


and flat pole pieces with a gap between them. The electromagnet provides a 
strong horizontal magnetic field of nearly IWb m. 
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Weights 
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Fig 5.22 


The sample under test is taken in the form of thin rod. It is 
suspended vertically from one arm of a sensitive micro balance in the magnetic 
field between the wedge shaped pole pieces of the electromagnet (Fig 5.22). the 
specimen is suspended in such a way that its lower end is near the mid-point of the 
magnetic field where the magnetic intensity H is large while its upper end is 
outside the field in the region of low intensity Ho. The cylindrical rod is then 
weighed by suspending it from a sensitive microbalance in the two cases: 


(1) When field is off. (11) when field is on 


Theory: Let u, and u be the permeability of air and specimen respectively. 
Consider a magnetic field intensity H in a region. Let V be the volume of the 


specimen. Hence the energy of magnetic flux in this region is Shi “V before 
» : ; 1 , ; : pm 
inserting the specimen and zu H^V , after inserting the specimen. The difference 


of these energies 1s equal to the work done in inserting the specimen. 
1 
Work done = > (u2 — H1)H^V > n. (1) 


This is stored as potential energy of field. 
1 2 
U = 5 He —Hu)H7V 
We have, ur = 1 +Xnm or = Lae Y 


H = Ho + HoXm 
Letx, and x, be the susceptibilities of air and specimen. Then, 
Hı = Ho t HoX1 and Uz = Ho + HoX»2 
H2 — Hı = Ho(Xa — X1) e) 
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Substituting this in Eq.(1) we get 


1 
U = > Ho (X2 — X1)H*^V Ne) 
Let F, be the force acting on the specimen along X-axis. Then 


dU d 5 
ky = — ax -—E Mo (Xe — X1) H vi 


1 d 
— 5 Ho (X2 — Xa) pm (H^)V 
If H,, Hy and H, are components of H, hen 


H? = H4? + Hy^ +H,” 








1 2 
E = 5 bo (xe — x) [rz (s? + Hy?  n,?)]v 
1 dH, dH, dH, 
= — 5 Ho 2 — xiv |2H, dx + 2H, dx + 2H, 7d 
ais dH dH; 
Fe = —usQG —x)0|H, SE + Hy 2 + [VA 


Now, considering X-axis to be vertical, the vertical force on a small element dx of 
rod of volume dV, at a distance x from origin 


dH, dHy 


dF, = —Ho X2 — Xa) |n. tH 


+ H =] dV 
dx Y dx ^ dx 


Let a be cross-sectional area of rod. Then, 


dV = a dx 


dH, 


dH dH, 
dF, = —Uo(X2 — X1) |i, = + Hy p + Hz 





"d adx ... (5) 


In the narrow gap between pole pieces, the magnetic flux will consist of straight 
lines direct from one pole face to another, in y direction say. ‘Thus only the 
component H, will be of significant magnitude while H, and H, will be negligible. 
Hence Eq.(5) is expressible as 


aH 
dF; = —Uo(X2 — X1)Hy Za dx  ..(6 


The total vertical force on the rod due to whole field variation along the length 
under the limit Hy = H to H, = H, is 


175 


Ho 
dH, 
—Ho X2 — Xi) a | Hy —— dx 
H 


Ho 


n —Ho X2 — Xia | HydHy 
H 





H? | °° 
H 


1 
= — 5 Ho — X1)a (Ho* -= H*) 


—- uo Qt — x3)a (H* — Ho) css (7) 


Let miland m, be the weights to counterpoise the force on rod with magnetic 
field off and on respectively. Then, 


F; = (mz — mı)9 (8) 
Equating (7) and (8), we get 


(E E E @ 


1 
(mz —m4)g = 2 Ho (X2 — Xia (H? E He") 


— 2Qn2-m,)g 
(X2 — Xi) = ucd(dis-Ho) ia 2) 
H, and H can be measured by the flux meter. Thus by putting the susceptibility 


of air x, and other known quantities in the above equation, X2 is calculated 


5.11 Maxwel’s Equations In Material Media 


The differential form of Max wells four equations is given below 


VD-p Am Á | 4... (1) 
V.B=0 seat) 
3B 
VxE-—-—-- e ee (3) 
- pa 22 
VxH=J+> . (4) 


D = electric displacement vector 
p = volume density of charge 
B = Magnetic field induction 
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E = electric field intensity 
H = magnetic field intensity 
J = current density 


For a linear, isotropic and homogeneous medium the constitutive relations 
are given by the following equations: 


D-zE  |L—J— |.) | .  ..... (5) 
B-uH  .— .— . . — —  ... (6) 
J= SE DERE E 


Here, £, u and o denote respectively the dielectric permittivity, magnetic 
permeability and conductivity of the medium respectively. 


Derivation of Maxwell’s Equations: 

1. Let us consider a surface S bounded by a volume V in a dielectric medium. In 

a dielectric medium total charge consists of free charge plus polarisation charge. 
Let p and p, be the charge densities of free charge and polarisation charge 

at a point in small volume element dV. Then Gauss law can be expressed as 


1 
f E.ds - — | (p + py, )dV But pp = —div P 
S Eo Jy 


J, E.ds=f, pdV — f, dvPdV X X .. (1) 
But from Gauss divergence theorem 


f £g E.ds =f div (z9E)dv 
S V 


Therefore Eq.(1) gives 


| div (zy E )dV =f p dV — | div P dV 
V V V 
| | div (sgE + Pav = | p dV 
V V 
i.e. | div D dv = | p dV (since D = €E + P) 
y V 


| (div D — p)dV = 0 
V 
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As volume is arbitrary, we must have 
div D- p = 0 
i.e., div D= p save) 


2. We know that isolated magnetic poles do not exist. This fact is also expressed 
by saying that magnetic lines of force are, in general, closed curves. Because of 
the magnetic flux leaving and entering any closed surface is always same. In 
other words, the total magnetic induction flux over any closed surface is always 


zero, 1.€ 
{ B.dS = O 
S 


Using Gauss's theorem we change surface integral into a volume integral 


| (divB)dV — 0 


Since the above statement is true for any arbitrary volume, V: it is only possible 


if the integrand itself 1s zero, 1.e., 
div B=0 
or | V.B —o 


3. By Faraday's law of electromagnetic induction, the induced emf in a closed 


loop is 
EN ii 
c AE (1) 
By definition, the magnetic flux @ over any arbitrary surface 5 is, 
p = | B.dS 
S 
a aB 
Therefore, e — ——|f. B.ds| =- f, =.ds (2) 


(.: Surface S is fixed and hence only B is a function of time) 

Again e.m.f., by definition, is the work done in carrying a unit charge 
round a closed loop. If C is the loop constituting the surface S, then 

e = E E.dl — UO) 
Where E is the electric field intensity at a point where elementary loop dl is 
located 
Comparing Equations (2) and (3), we get 
OB 
So E.dl = — —.das ... (4) 


from Stoke'stheorem, | E. di — f curl E.dS 


S 
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Eq(4) becomes, f. curl E.dS = — f 22 dS 


S at 
Since surface 1s arbitrary, curl E — — £ 
ðB 
VxE- ar T (5) 


4. According to Ampere's law, the work done in carrying a unit magnetic pole 
once around a closed arbitrary path linked with the current is expressed by 
$ H.dl = I = fJ.ds ss E) 


However, the use of Stock's theorem gives 


f (Vx H).as = Í J.ds 
S 


Or VxH=J x2) 


This equation is incomplete and accounts for steady currents only. But for 
varying electric fields, the current density should be modified. The difficulty 
with above equation is that if we take divergence of above equation, then, 


V.(VxH)—- V.jJ—-0 | | |. ... (3) 
However, this fact is disallowed by Continuity Equation ,according to which 
— 9p 
V.] — ET 
On this basis Maxwell added another current density J’ to J to make Eq.(2) as. 
VxH=J+J' sd) 


So that continuity equation too 1s satisfied 
Now divergence of Eq.(4) givens 
V.(VxH) = V.J+V.J' —-0 


or V.J = -V.J = “e BEEN (5) 
We know that V.D = p 


Eq.(5) becomes, V.J’ = Z (V.D) 


ZEE 

or V.] adii: 
, aD 

or J d 


In this way we observe that the additional current density J’ is due to time 
variations of electric displacement D. It is termed as displacement current density. 
According to Maxwell, it is just as effective as J in producing magnetic field. 
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Thus Eq.(4) is written as 
OD 
— es [E 7 
VxH=J+—> (7) 


Physical Significance of Maxwell’s Equations: 


By means of Gauss’s and Stoke’s theorems we can put the field equations 
in integral form and hence obtain their physical significance. 


1. Maxwell’s first equation is V.D = p 
Integrating this over an arbitrary volume V, we get 


f v.pav =| pav 
V V 


But from Gauss theorem, we get 


f v.as= f pav=q, 
S Vv 


Here, q is the net change contained in volume V.S is the surface bounding volume 
V. Therefore, Maxwell's first equation signifies that: 


The total electric displacement through the surface enclosing a volume is 
equal to the total electric charge within the volume. 


2. Maxwells second equation is V. B = 0 
Integrating this over an arbitrary volume V, we get 


f v.B=o. 


V 


Using Gauss divergence theorem to change volume integral into surface integral, 


we get 


f B.dS = 0. 
S 


Maxwell’ s second equation signifies that: 
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The total outward flux of magnetic induction B through any closed surface S is 
equal to zero. 


3. Maxwell's third equation is V x E = — = 


Integrating this equation over a surface S, bounded by a curve C, we get 
f VxE).dS " f ct dS 
(V x E). dS = ar 
S S 


Converting the surface integral of left hand side into line integral by Stoke's 
theorem, we get 


Maxwell’s third equation signified that: 


The electromotive force[e.m.f.e =f c E-dl] around a closed path is equal to 
negative rate of change of magnetic flux linked with the path [ since magnetic 
flux p = J, B.ds 


4. Maxwell's fourth equation is 


VxH = E. 
icon. Ot 


Taking surface integral over surface S bounded by curve C, we obtain 
| v Has = f ( +=) ds 
x H. = J re 
S S 


Using Stoke's theorem to convert surface integral on L.H.S of above 
equation into line integral, we get 


Bassin L p+ .dS 


Max well's fourth equation signified that: 


The magnetomotive force (m.m.f =f. H. dl) around a closed path is equal 
to the condition current plus displacement current through any surface bounded by 
the path. 
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5.12 Types of Currents 


Ampere's law Vx B = ygJ does not hold good for time varying 
fields. To remove this difficulty, Maxwell modified the above equation by 


introducing the concept of displacement current. 
Putting B=uo H, we get 
VxH-] 
Taking divergence of this equation, V. (V x H) = V.J 
But the divergence of the curl of a vector is always zero 
V.J =O 
This means that the divergence of current density is zero. 
This is not true for time — varying fields. 


From Gauss’s law, V. E = p/E£g 


; "EE" OE — op 
Differentiating, V. TAT 
Adding V.J to both sides, we have 
OE Op 
V.] T £9 V. — = V.] tor 


Ot 
According to general equation of continuity, V.J + = 0 
V.J + £9 V = 0 
à Eo V.——— = 
J + EgV.— 


Or V. ¢ + — = 0 
(D-ggE) 


aD\ . ! i: 
¢ + 22) is the total current density. Maxwell pointed out that this 


should replace J in Ampere’s law 
Hence the modified form of Ampere’s law is 


ðD 
VxH-()-22) | (5) 
The first term on the R.H.S of Eq.(5) represents the conduction current density J. 
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aD . ; 
The term 3. is called displacement current. It is the time rate of change of 


the electric displacement. The second term is better termed as displacement 

current density Ja. It shall have the same effect as the true current but shall be 

effective only when E is a time-varying field. Therefore, Eq.(5) becomes. 
VxH= (J+ Ja) 


5.13 Displacement current 

Maxwell introduced the new concept of displacement current. Faraday 
discovered that a changing magnetic field produces an electric field. Maxwell 
pointed out that changing electric field produces a magnetic field. 


Consider the plates of a parallel plate capacitor connected to the terminals 
of a battery. The conduction current from the battery gradually charges the 
capacitor plates. Until the voltage across the capacitor becomes equal to the 
battery voltage, conduction current flows in the leads of the capacitor. Bu the 
conduction current is not continuous across the gap between the plates as there is 
no transfer of charge across the plates. But according to Maxwell, the changing 
electric field between the plates serves the purpose of conduction current inside 
the gap. The displacement current in the gap is found to be equal to the 
conduction current in the lead wires. This proves that the flow of current in a 
circuit is continuous. 


5.14 Magnitude of Displacement current 

Consider a parallel plate capacitor with free space between the plates. Let q be 
the charge given to one of the plates at any instant and an area. 
Electric field between the plates 





q 
nom £g À 
a 
£A A 
Displacement current = ig= AJa 
OD 


Here, Za is the current flowing in the circuit at that instant 


therefore ig=1 
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Hence the displacement current in the gap between the capacity plates is 
equal to the conduction current in the lead wires. Thus the displacement current 
provides a continuous path for the charges across the capacitor. 


5.15 Significance of Displacement current 

The concept of displacement current was a great theoretical discovery as 1t 
rendered the relation V x H — J between the current and magnetic field consistent 
with the continuity equation. The concept also led to altogether a new induction 
effect according to which a time varying electric field should give rise to 
magnetic effect as a time-varying magnetic field gives rise to electric field. 
Further, it helped to retain the notion that the flow of current in a circuit is 
continuous. 

For example, let us consider the plates of a parallel plate capacitor 
connected to the terminals of a battery. The conduction current from the battery 
eradually charges the capacitor plates. Until the voltage across the capacitor 
becomes equal to the battery voltage, conduction current flows in the leads of the 
capacitor. Bu the conduction current is not continuous across the gap between 
the according to Maxwell, the changing electric field between the plates serves 
the purpose of conduction current inside the gap. The displacement current 
within the gap produced by changing electric field is found to be exactly equal to 
the conduction current as shown above, thus proving that the flow of current in a 
circuit is continuous. 


*.16 Maxwell’s equations in material media 


There are four fundamental equations of electromagnetism known as 
Maxwell’s equations which may be written in differential form as 


V.D =p 
V.B=0 
VXE- OB 
t at 
aD 
and VxH=J+— 


Here, p represents the charge density and J the current density. E,D,B and H 
represents the electric field intensity, electric displacement, magnetic induction 
and magnetic field intensity respectively. For a linear, isotropic and 
homogeneous medium, 


D = £E, B = uH and J = gE. 
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5.17 Plane Electromagnetic Waves in free Space — Velocity of 
Light 
Let us apply Maxwell's equations to develop wave equations for 
transverse electric and magnetic fields in free space. Let us consider a region 
where charge density p and current density J are both zero, i.e., for the space 
u = Ho, €E = Ep. P = O and J =O | 
Maxwell's equation then reduce to 


V.E = O.... (1) 
VH uc ucro 2) 
V x B = £ouo at (3) 
OB 
Vx E = UA (4) 
From Eq.(3), Vx (Vx B) = £gugV X — = £go L [V CB )ootenenth toes (5) 


We have the vector identify 
Vx(VxB) = V(V.B) — V^B 
= —V*^B (.: V.B = O from Eq.2) 


à a. OB 
Eq (5) becomes V?B- - Epflo (V * E) = —£gHo rr es 


ð?’ B 
V^B = “oo 3,2 ssssesscessossoeseessos (6) 
P 2p 3? E 
Similarly, V-E = EoMo G2 III (7) 


Equations (6) and (7) represent wave equations governing electromagnetic fields 
B and H in free space 
Equations (6) and (7) both have the form of the general wave equation with a 
speed 

1 


v *oHo 


Now, Mp = 42 x 10 7Hm-! and £o = 8.854 x 10 "Fm! 


C= 





1 1 
C = = = 2.998 x 108 ms ^! 


— fequn V4n x 1077 x 8.854 x 10-22 
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Which is the speed of light in free space. It thus follows that the 
field vector E and B can be propagated as waves in free space and they travel 
with the speed of light 


Thus the velocity of EM waves in vacuum is the same as that of light in vacuum. 
This face led Maxwell to suggest that light is a form of em wave. 


5.18 Propagation of Electromagnetic wave through a homogeneous, isotropic 
dielectric medium (non-conducting isotropic medium): 


Maxwell’s equations are 


V.D =p 
V.B = O 
— Ə B 
xe = Jt 
V xH = PE 
Reg Ot 


In an isotropic dielectric (or non — conducting isotropic medium) 
D = ££, B = uH and J = oE = 0andp=0 


Therefore, Maxwell’ s equations in this case take the form 


V.E = OQ ix ee 
V.H = O a i. OO OO (2) 
OH 
VxE= — Or (3) 
! OE 
VxH = c 2r shied (4) 


Equation of Propagation of magnetic vector, H 


Taking curl of Eq.(4), we get 


xX NA Ss) 
X EV X )t 


Or V(V.H)— V? He — (VxE) . .. (5) 


186 


Putting values from Equation(2) and (3), we get 





V?H = uc 277 (6) 
Equation of Propagations of electric vector, E 
Taking curl of Eq.(3), we get 
OH 
Vx(VxE)=Vx (-n=- 
V(V.E) — V^E = -u2 (V x H) 
Putting values from Eqs.(1) and (4), we get 
V^E = pe = "- (7) 
Eqs (6) and (7) can be compared with the general wave equation 
V?u = = 2 Where v is the speed of wave. 
V=1/VHE 


This means that the vector E and H are propagated in isotropic dielectric as 


waves with speed v given by 
1 


V= ee 59 9*9 
VBE (8) 
1 
Now ; TE — CS eed O electroma netic waves in TOO space 
T p f g f p 





Refractive index is n = — = Ur Er 
== Hofo — 


In a non-magnetic medium Mp =1 

n=J/& orn* = €& (9) 
Eq.(9) is termed as Maxwell’s relation and is experimentally verified in case of 
air, hydrogen, benzene and carbon etc., having non-polar molecules. But for 
substances containing polar molecules eg., water, glass etc.. €, is dependent of 
frequency and decreases with increasing frequency. Thus refractive index 
exhibits variations with frequency — a phenomenon termed as dispersion. 


5.19 Let us sum-up 


e Magnetic induction (B) :The net number of magnetic lines of force 
passing per unit area normally within the material medium when it is 
placed in an external magnetic (or magnetising) field is called the 
magnetic induction (B) within the sample. 

e Magnetisation M of the material is defined as the magnetic dipole 
moment induced per unit volume of the material. Unit of M is Am! 

e The magnetic susceptibility of a material is defined as the intensity of 
magnetisation acquired by the material for unit field strength. 
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Magnetic permeability (4) of a medium is defined as the ratio of 


magnetic induction to the intensity of the magnetising field. i.e. 4 = ; 


(For vacuum Xm = O and Hu = ug) 

Curie temperature: The critical temperature above which a ferromagnetic 
material becomes a paramagnetic is called the Curie temperature. 
Maxwell’s equations: There are four fundamental equations of 
electromagnetism known as Maxwell’s equations which may be written in 


differential form as 


V.D — 
V.B = 
aB 
Vx E — ^ 8t 
and VxH-J- 22 


The velocity of em waves in vacuum is the same as that of light in vacuum. 
This suggest that light is a form of EM wave. 


5.20 Unit —end exercises 


Do te 


13. 
14. 


Define magnetic induction. State the relation between B, H and I. 

Define magnetic induction and intensity of magnetisation. 

Define susceptibility and permeability of a magnetic material. 

Define the three magnetic vectors namely, magnetic induction B, 
magnetisation I and magnetic intensity H. Establish the relation B —pno 
(H+M) 

State the properties of diamagnetic substances. 

Distinguish between the properties of para and dia magnetic substances. 
What is Ferromagnetism? Give 2 examples for ferromagnetic substances. 
Give the properties of ferro, para and dia magnetic substances. 

Give a comparative study of Dia, Para and Ferro Magnetic substance. 


.Using electron theory of magnetism explains dia, para and 


ferromagnetism. 


. Describe the experimental determination of hysteresis loss using Ballistic 


method. 


.Give an account of Maxwell’s equations. Discuss the significance of 


displacement current. 

Derive Maxwell’s equations for electromagnetic waves in vacuum. 

Using Maxwell's equations, deduce the equation for an electromagnetic 
wave travelling through a dielectric medium. 
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5.21 Problems for discussion 


l. 


A rod of magnetic material, 0.5 m in length has a coil of 200 turns wound 
over it uniformly. If a current of 2 ampere is sent through it, calculate (a) 
the magnetising field H, (b) the intensity of magnetisation M, (c) the 
magnetic induction B and (d) the relative permeability u, of the material. 
Given 44, = 6x 10 7 

An iron rod 0.2 m long. 10mm in diameter and of relative permeability 
1000 is placed inside a long solenoid wound with 300 turns/metre. If a 
current of 0.5 ampere is passed through the rod, find the magnetic moment 
of the rod. 

The magnetic susceptibility of a medium is 945 x 10 1! henry / metre. 
Calculate absolute permeability and relative permeability. 

A material core has 10 turns per cm of wire wound uniformly upon it 
which carries a current of 2.0 ampere. The flux density in the material is 
1.0 weber/ metre*. Calculate the magnetising force and magnetisation of 
the material. What would be the relative permeability of the core? 


5.22 Answers for Check your progress and problems for discussion 


Check your progress: 


]. 


p 


Magnetic permeability of a medium is defined as the ratio of magnetic 
induction top the intensity of magnetising field. 
Sol: p, = (14+ ym) = 142.14 x 10! 

Yes, poles always occur in pairs just as every coin has two sides - a 

head and tail. 
Ferromagnetic substances are those which are strongly magnetised by 
relatively weak magnetic field and in the same sense as the applied 
magnetic field. 


5.23 Answers for problem for discussion: 


1. Solution: 


(a H = Ni/ 1 = 800Am ` 
(b) M-x,H-48Am' 
(c) B = uo (H+M) = 1.08 x 10° Wb m ^ 
(d) u, — B / uo H = 1.006 


2. Solution: 


H = Ni = 150 ampere turns metre 
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M = (u,-1 ) H = 149850 ampere turns metre 
V=nr21=1.57x 10? m^ 


M =M x V = 2.353 ampere metre” 


3. Solution 
u = Ho (1+ Xm) = 1.2566 x 10 © H/m 
ur = (1+ Xm) = 1.00000000948 
4. Solution 
H = Ni/ 1 = 200 amp-turns/metre. 
M = B/ uo -H = 7.94 x 10? amp-turns/metre 
Hr = B/ noH = 397. 
5.24 Suggested Readings: 
1l. Electricity and Magnetism - S Mahajan And A A Rangwala ,Tata McGrew 
Hil 
2. Electricity and Magnetism - Dr.K.K.Tewari S.Chand & Co,2002. 
3. Electricity and Magnetism with Electronics -D.N. Vasudeva S.Chand & 


Co,2002. 
4. Electricity and Magnetism - Narayanamoorthy, Nagarathinam. Dae 


Revised Edition 
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